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GENERAL INTRODUCTION 
An Explanation of the Dissertation Organization 
This dissertation is presented as two papers, each of which is in a form 
suitable for submission for publication in the Journal of Dairy Science. These 
papers have been prepared from research performed to partially fulfill the 
requirements for a Ph.D. degree. Each paper is complete in itself, including an 
abstract, introduction, materials and methods, results and discussion, conclusions 
and references. The two papers represent different aspects of the same study. 
The papers are preceded by a literature review and are followed by a general 
discussion. References cited in the literature review follow the general discussion 
section. 
Literature Review 
In high producing dairy cows early lactation is a period of metabolic 
extremes and adjustments. The onset of lactation is commonly associated with a 
period of negative energy balance in which energy output exceeds nutrient 
intake. Homeorhetic hormones stimulate the mobilization of body stores, which 
serve to compensate for the energy deficit (Bauman and Currie, 1980; Reid et al., 
1966). Most cows can make the necessary adjustments during early lactation. 
2 
which in many ways resembles severe feed restriction. Lactation ketosis is one 
disorder that results when cows are unable to adapt to early lactation. 
Ketone Metabolism 
Ketoaenesis The principal "ketone bodies" are acetoacetate (ACAC), 13-
hydroxybutyrate (BHBA), and acetone. Ketone bodies (referred to as ketones 
herein) may be synthesized in extra-hepatic tissues (Baird et al., 1977; 
Pennington, 1952; Kronfeld and Kleiber, 1959), but during ketosis, ketones are 
generated by the liver (Katz and Bergman, 1969; McGarry and Foster, 1977) and 
are then released into systemic circulation. The metabolic pathways of ketone 
synthesis and utilization (Figure 1) have been the topic of recent review articles 
(Bergman, 1970; McGarry and Foster, 1980; Rich, 1990). 
Ketone bodies are formed from excess acetyl-CoA (AcCoA), a metabolic 
intermediate in the oxidation of non-esterified fatty acids (NEFA) derived from 
adipose tissue lipolysis (Emery et al., 1992). AcCoA accumulates when its entry 
exceeds removal by the Krebs cycle, which then stimulates ACAC synthesis 
(Krebs, 1960; Kronfeld, 1961; Wieland et al., 1964). Acetoacetate is reduced 
reversibly to form BHBA by the action of D(-)-3-hydroxy-NAD'^ -oxidoreductase (13-
hydroxybutyrate dehydrogenase; BHBA-DH; EC 1.1.1.30), an enzyme of the 
mitochondrial inner membrane (Lehninger et al., 1960). Acetoacetate is unstable 
and can decompose irreversibly to COg and acetone at a rate of approximately 
5%/h at body temperature (Bergman et al., 1963). Acetone is volatile, and its loss 
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Figure 1. Patfiways of ketone metabolism. 
in expired air results in a characteristic acetone odor on the breath of l<etotic 
cows. However, acetone is utilized poorly and of relatively little importance until 
ketosis becomes severe. 
There has been some confusion in the literature about the site of BHBA-DH 
activity in ruminant tissues. Reports of studies that used DL-3-hydroxybutyrate as 
a substrate attributed the activity of a cytosolic L-3-dehydrogenase (probably L-
gulonate-NAD"*" dehydrogenase; EC 1.1.1.45) to BHBA-DH (Koundakjian and 
Snoswell, 1970). When the activity of BHBA-DH was isolated, essentially all 
activity was associated with the mitochondria (Koundakjian and Snoswell, 1972). 
Whereas the L-form was much more active than BHBA-DH in sheep liver and 
kidney cortex, it probably does not contribute significantly to ketogenesis 
because of the relatively high cytosolic NAD^:NADH and the high Km for ACAC 
(Williamson and Kuenzel, 1971; Koundakjian and Snoswell, 1972). Ruminant liver 
has low activity of BHBA-DH (Nelson and Fleischer, 1969), but it is known to 
produce BHBA. 
The molar ratio of BHBA to ACAC (BHBA:ACAC) is used commonly as an 
indicator of mitochondrial redox potential (Nelson and Fleischer, 1969). Blood 
and liver BHBA:ACAC is lower in ketotic (4.6 and 5.3, respectively) than in normal 
cows (ca. 22 and 50, respectively), which is opposite to changes that occur 
during ketosis in non-ruminants (Bergman, 1970; Hibbitt and Baird, 1967). 
Bergman (1970) speculated that a high BHBA:ACAC would decrease losses from 
ACAC instability and increase extra-mitochondrial synthesis of NADH via BHBA 
hydrogen shuttle activity. 
Ketone Bodv Utilization Ketone bodies (ACAC and BHBA) are important 
energy substrates in muscle, kidney, mammary gland, and gut (Elia et al., 1990; 
Jarrett et al., 1976; Robinson and Williamson, 1980; Owen and Reichard, 1971). 
B-Hydroxybutyrate is also a precursor for mammary fat synthesis (Kronfeld et al., 
1968; Linzell et al., 1967; Black and Luick, 1965). After reviewing results from 
ketone turnover studies in sheep with pregnancy toxemia, Bergman (1970) 
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concluded that ketone utilization was proportional to blood ketone concentration 
up to approximately 20 mg/dl, where maximal utilization occurred. Thus, below 
20 mg/dl, blood ketone concentration was proportional to ketone production, a 
state Krebs termed as "physiological ketosis" (Krebs, 1966). However, above 20 
mg/dl, even small further increases in ketone production would result in large 
increases in ketone concentrations. Krebs called this stats "pathological ketosis" 
(Krebs, 1966). 
During a long-term fast the brain can adapt to ketone utilization. While 
Lindsay and Setchell (1976) demonstrated that the brain will utilize only glucose 
under hypoglycemic, hyperketonemic conditions. Their results confirmed the 
observations of Williamson et al. (1971) that there was an absence of enzymes to 
utilize ketones in the unadapted brain. 
The major routes of ketone excretion are via urine and milk. Schultz (1968) 
found that concentrations in milk were about half of that in blood and that urine 
ketone concentrations were more variable, but usually about four fold greater 
than that in blood. The total proportion of ketones excreted varies with severity of 
ketosis, but it probably never exceeds 10% (Peters and Van Slyke, 1946). 
Metabolic Regulation of Ketoaenesis The ratio of insulin to glucagon 
and the supply of NEFA may be primary regulators of ketogenesis (Bergman, 
1970). The imbalance between glucose demand of the mammary gland and the 
relatively low feed intake during early lactation leads to a decreased glucose 
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concentration during early lactation. This results in a low blood insulin 
concentration, which is compounded by a low secretory response of insulin 
during lactation in dairy cows (Hove and Halse, 1978; Lomax et al., 1979). Insulin 
is both lipogenic (Baldwin and Smith, 1971; Yang and Baldwin, 1973a) and 
antilipolytic (Black and Luick, 1965; Yang and Baldwin, 1973b). Low insulin 
concentrations allow Increased lipolysis, which thereby increases ketogenesis. 
The increased supply of fatty acids from adipose tissue lipolysis Is has been 
referred to as the 'primary factor' of ketone synthesis (Bergman, 1970). 
Reid and Hinks (1969) reported that concentrations of plasma glucose and 
NEFA had a linear inverse relationship in pregnant sheep. They also reported a 
linear relationship between concentrations of plasma NEFA and ketones up to 1.5 
meq/l, after which ketone concentrations increased more rapidly. Low insulin 
concentrations associated with ketosis also increase amino acid mobilization from 
muscle and passively promote hepatic gluconeogenesis. Insulin is antiketogenic 
in the liver (McGarry et al., 1978). 
Glucagon is ketogenic in non-ruminants, where ketogenesis may be 
stimulated by increasing mobilization of adipose tissue and passage of NEFA into 
mitochondria (Williamson, 1979). Brockman (1976) concluded that glucagon may 
increase ketogenesis. In contrast, glucagon has less lipolytic activity (Bauman, 
1976) and less ketogenic ability in ruminants than in non-ruminants. Glucagon 
increased gluconeogenesis in ruminants in part via increased pyruvate 
carboxylase (Brockman and Bergman, 1975; Brockman and Manns, 1974), which 
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would be expected to be antiketogenic. Additional support for the anti-ketogenic 
effect of glucagon in ruminants is that glucagon concentration decreases 
dramatically, but blood ketones remain elevated in alloxan-diabetic sheep treated 
with somatostatin. 
Ketones inhibit their own production in a feedback mechanism (Féry and 
Balasse, 1986). B-Hydroxybutyrate decreases concentrations of plasma NEFA 
(Miles et al., 1981; Bjorntorp and Schersten, 1967; Shaw and Wolfe, 1984), which 
has been verified in vitro (Bjorntorp, 1966; Fain and Shepherd, 1976). De Pergola 
et al. (DePergola et al., 1990) found that BHBA did not alter basal lipolysis, but it 
decreased catecholamine-stimuiated lipolysis in human adipose tissue by 
decreasing the B-adrenoceptor affinity. Decreased affinity of the receptors may 
prevent an uncontrolled triglyceride breakdown and indirectly regulate ketone 
production. During lactation, however, elevated basal lipolysis supplies 
substrates for ketogenesis; thus, during ketosis the decrease in B-adrenergic-
stimulated lipolysis is probably not of metabolic importance. 
Propionate is antiketogenic. The antiketogenic effect of propionate may be 
via stimulation of insulin secretion (Van Soest, 1963) and a subsequent decrease 
in supply of NEFA (Leng and Annison, 1963). However, propionate also can 
decrease ketogenesis in vitro with added hormones (Aiello et al., 1984); thus, 
increased insulin secretion can not fully explain the antiketogenic action of 
propionate. Propionate can form a non-functional adduct between flavin adenine 
dinucleotide (FAD) and fatty acyl-CoA dehydrogenase (Shaw and Engel, 1985), 
which inhibits both synthesis and oxidation of fatty acids (Nishina and Freediand, 
1990). Thus, the concentration of propionate could be sufficient to explain the 
lack of hepatic fatty acid synthesis, as well as fatty acid oxidation and ketogenesis 
in ruminant liver. Additionally, propionate can inhibit ketogenesis by increasing 
succinyl-CoA, which subsequently succinylates HMG-CoA synthase (Bush and 
Milligan, 1971; Lowe and Tubbs, 1985), possibly via decreased CoA availability. 
Ketogenesis also may be regulated at the level of the Krebs cycle. 
Bergman (1970) reported a "hepatic factor" that caused a dramatic rise in ketones 
at concentrations below maximal utilization. He speculated that the factor was 
decreased carbohydrate availability, specifically oxaloacetate (OAA), to support 
oxidation of AcCoA. Several studies have demonstrated that unless OAA is 
available to condense with the AcCoA resulting from B-oxidation, the excess 
AcCoA can be shunted to ketogenesis (Krebs, 1960; Kronfeld, 1961 ; Wieland et 
al., 1964; Baird, 1982; Williamson, 1979; Fernandeznovell et al., 1992; Marshak, 
1958; Hibbitt, 1979). During ketosis, concentrations of citric acid cycle 
intermediates, including OAA, are decreased. Oxaloacetate concentration is 
inversely proportional to ketogenesis (Baird et al., 1968; Krebs, 1960; Williamson, 
1979; Baird, 1982; Bauman and Currie, 1980; Marshak, 1958). Components of 
the citric acid cycle may be depleted by excessive gluconeogenesis, by limited 
precursors (propionate, lactate, or amino acids), or by a more reduced redox 
potential. Combining OAA with AcCoA from lipolysis (Baird, 1977) decreases the 
amount of AcCoA available for ketogenesis. 
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The amount of liver glycogen has been related to the degree of ketosis. 
As animals exercise, liver glycogen decreases, but plasma BHBA increases and 
may continue to increase after exercise, which results in post-exercise ketosis. 
Baird (1977) concluded that there was always a significant correlation between 
hepatic glycogen content and extent of ketosis in dairy cows. In addition, the 
extent of post-exercise ketosis has been related inversely to post-exercise hepatic 
glycogen concentrations (r=-0.88) (Adams and Koeslag, 1988). The authors 
concluded that post-exercise ketosis was associated with an inability to maintain 
liver glycogen concentration. 
Further support for the theory of limiting citric acid cycle components is 
found in the study by Wieland and Loffler (1963), who showed that an increased 
mitochondrial redox potential (discussed already) influences the OAA;malate 
couple in favor of malate. In addition, the results of Ballard et al, (1968) showed 
that NADP-Malate dehydrogenase activity was decreased in mitochondria, but 
activity of the enzyme within the cytoplasm was increased during spontaneous 
ketosis. Thus, malate leaving mitochondria would supply precursors for 
gluconeogenesis and deprive mitochondria of citric acid cycle intermediates. This 
theory also is supported by studies on glucocorticoid administration, which 
increases citric acid cycle intermediates via increased amino acid supply and 
decreased phosphoenolpyruvate carboxykinase (PEPCK) activity (Baird and 
Heitzman, 1971; Heitzman et al., 1972; Treacher et al., 1976). 
Ketogenesis may be decreased as a result of decreased carnitine-palmitoyi 
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transferase (CRT) activity during mid-iactation. By using liver slices, Aiello et al. 
(1984) found tliat ketogenesis from palmitate was greatest early in lactation. The 
changes in ketogenic activity of liver slices mirrored the decrease in mitochondrial 
palmitate transferase during lactation. The decrease in CRT activity, however, 
occurred during mid-lactation, well after the period of ketosis susceptibility. I have 
seen no reports of CRT activity during early lactation. 
Another possibility is that regulation of NEFA entry into mitochondria, 
established in non-ruminants, fails during early lactation in ruminants, allowing 
unlimited entry of NEFA into mitochondria and thereby stimulating ketogenesis 
(Williamson, 1979). Malonyl-CoA, the first committed intermediate in the 
conversion of carbohydrates to fats, inhibits carnitine acyl transferase I (EC 
2.3.1.21) and thereby limit NEFA entry into mitochondria (McGarry et al., 1978; 
IVIcGarry et al., 1975). Ruminants have low activities of hepatic lipogenic enzymes 
(Ballard et al., 1969), and lipogenesis is depressed further during lactation 
(McNamara and Millers, 1986a). Therefore, hepatic malonyl-CoA concentrations 
may be insufficient to limit NEFA entry and subsequent ketogenesis during early 
lactation. Carnitine itself has been postulated to regulate ketogenesis (IVIcGarry et 
a!., 1978). Blanchi and Davis (1991) found that the response of liver triglyceride 
and plasma BHBA to a two day fast was increased dramatically in rats depleted 
of liver carnitine. While carnitine and acyl carnitine increase dramatically in fasted 
animals (Snoswell and Henderson, 1970), carnitine has not given predictable 
responses when infused into ketotic cows (Erfle et al., 1971). 
11 
other theories for regulation of hepatic ketogenesis abound, including 
hepatic NEFA reesterification and the subcellular redox state. Probably most of 
the mechanisms cited in this literature review contribute to the regulation of 
ketones during lactation. However, during lactation ketosis, irrespective of the 
cause, ketones are produced in excess of the cows ability to catabolize them. 
Lactation Ketosis 
"In bovine ketosis, hyperketonemia is only one biochemical 
disturbance that occurs among a multiplicity of metabolic changes." 
Bergman (1970) 
Incidence Ketosis Is a disease of early lactation, the occurrence peaks 
at approximately 36 d of lactation (Kauppinen, 1983). Cows in their first lactation 
are resistant to the development of ketosis, but susceptibility increases with age. 
Kauppinin (1983) found that at the third parity fully 55% of cows suffered from 
ketosis to some extent, with 20% showing clinical symptoms. Clinical ketosis Is 
estimated to affect between 5 and 15% of all dairy cows (Riemann et al., 1985; 
Kauppinen, 1983). Ketosis is more prevalent in high producing cows, is closely 
associated with modern production techniques, and may be diminished by 
proper management and diet (Russ et al., 1992; Schultz, 1974; Hibbitt, 1979). 
Treatment of dairy cows with somatotropin was, almost universally, 
expected to increase the incidence of ketosis. Most recent studies have avoided 
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somatotropin implants during early lactation; however, the avoidance of early 
lactation is not due to the increased incidence of ketosis but rather to an 
increased loss in body condition. Dairy cows treated with somatotropin actually 
show a lower incidence of ketosis. Chronic administration of somatotropin 
increases secretion of very low-density lipoprotein (VLDL) secretion in rat 
hepatocytes (Elam et al., 1992). Increased hepatic lipid mobilization may protect 
cows treated with somatotropin from development of fatty liver and ketosis. In 
fact, studies where cows have been implanted with somatotropin during early 
lactation have shown that somatotropin treatment decreased the incidence of fatty 
liver and ketosis. 
Secondary ketosis may be brought on by other primary disorders, 
including: retained placenta (Curtis et al., 1985; Dohoo and Martin, 1984; 
Markusfeld, 1985; Bindixen et al., 1987; Grohn et al., 1989), parturient paresis 
(Curtis et al., 1985; Bindixen et al., 1987; Grohn et al., 1989), displaced 
abomasum, or digestive upset (Rice et al., 1983). 
Costs of clinical ketosis have been estimated, but subclinical ketosis may 
be more prevalent, and its associated costs are less well defined. Ketonemia 
(subclinical ketosis) has been defined as slightly elevated ketones without the 
outward occurrence of signs of disease. A recent survey of seven Israeli herds 
found that the incidence of ketonuria averaged 18%, with a range of 7 to 30% 
between farms (Markusfeld et al., 1984). With rates of incidence estimated to be 
as high as 55% (Kauppinen, 1983), ketonemia has been associated with 
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decreased milk production (Dohoo and Martin, 1984), increased susceptibility to 
infections, and reproductive disorders (Reid and Roberts, 1982). Bergman (1970) 
suggested that ketonemic cows may adapt to utilization of ketones and use the 
Cori cycle to conserve glucose. The etiology of subclinical ketosis is similar to 
that of the clinical disorder (Kelly and Whitaker, 1984). It may occur frequently 
without detection, however, and has been estimated to decrease production 
similar to the amount caused by the clinical condition. 
Homeorhetic adaptations during early lactation result in increased lipolysis 
in adipose tissue and, consequently, high blood NEFA concentrations, which then 
are transported to the liver to be oxidized or packaged into VLDL particles for 
transport throughout the body (Mayes and Felts, 1967). Increased 
concentrations of ketones, which are a normal consequence of increased lipid 
mobilization during early lactation, has been termed 'feeding ketosis' (Kronfeld, 
1959). Many tissues can adapt to utilize ketones as an energy source during 
early lactation, thereby allowing blood ketone concentrations to remain within a 
normal range. It is only when ketone concentrations become elevated above the 
animals tolerance that metabolic and neurological signs of ketosis ensue. 
Characteristics of Ketosis Signs of ketosis have been described in 
numerous reviews (Baird, 1982; Lean et al., 1991; Dale and Vik-Mo, 1979) and 
include a poor appetite, particularly for concentrate, decreased milk production, 
rapid loss of body condition, and normal body temperature. Ketotic animals may 
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be excited: however, the majority are lethargic. Whereas overt signs of ketosis 
are immediate and dramatic, the major costs of ketosis result from a long-term 
decrease in total milk production, an adverse effect on long-term health, and 
decreased fertility. 
Lactation ketosis (primary ketosis or acetonemia) is a metabolic disease of 
early postpartal dairy cows in which formation of ketones exceeds the capacity to 
utilize them. Ruminants show an increased susceptibility to ketosis, which is 
undoubtedly related to their unique metabolism, which includes reliance on 
gluconeogenesis, extra-hepatic synthesis of fatty acids, and high metabolic 
priority given to milk production. First-calf heifers, however, are less susceptible. 
Ketosis is generally not fatal, and cows will recover spontaneously after milk 
production has fallen substantially (Baird, 1977). 
Elevated plasma ketone concentrations have been found to decrease the 
cellular immune response (Targowski et al., 1985; Franklin et al., 1991) and 
ketosis has been found to relate to the risk of developing other diseases of early 
lactation including displaced abomasum (Curtis et al., 1985; Grohn et al., 1989), 
metritis (Curtis et al,, 1985; Markusfeld, 1985; Dohoo and Martin, 1984; Grohn et 
al., 1989), mastitis, cystic ovary, and diseases of the feet and legs (Dohoo and 
Martin, 1984). 
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Metabolic Characteristics of Ketosis While the ketotic state has been 
characterized well, the primary metabolic lesion that leads to development of 
ketosis has not been determined, nor has its etiology been defined. Ketosis 
(TABLE 1) is generally characterized by hyperketonemia, hypoglycemia, 
increased plasma NEFA, increased liver triglycerides, and decreased liver 
glycogen (Bergman, 1970; Hibbitt, 1979; Lean et al., 1991; Lean et al., 1992; 
Baird et al., 1968). 
Ballard et al. (1968) studied spontaneously ketotic cows both before and 
TABLE 1. Metabolite concentrations in blood and liver 
of normal and ketotic cows.^ 
Metabolite Normal 
Cows 
Ketotic 
Cows 
Blood: 
Glucose, mg/dl 
Ketones, mg/dl 
NEFA, mM/L 
50 
<10 
.3 
<40 
>30 
.6-2 
Liver: 
Glycogen, % wet wt. 
Glucose, % wet wt. 
Lipid, % wet wt. 
3 
0.4 
3 
<0.8 
0.2 
>10 
^ Summarized from Ford and Boyd (1960), 
Kronfeld et al. (1960), and Baird et al. (1986). 
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after the cows were treated to reverse ketosis. While there were no significant 
differences in hepatic fatty acid synthesis or oxidation or in hepatic concentrations 
of acetate, glucose, or pyruvate, all values were numerically lower in ketotic cows. 
Of the enzymes assayed, only mitochondrial NAD^-malate dehydrogenase was 
changed significantly, and it decreased in ketotic cows. Cytoplasmic NAD-malate 
dehydrogenase, however, tended to be increased. Also of significance is the 
activity of PEPCK, which was not decreased in spontaneously ketotic cows. 
These results, along with a greater reduction potential within mitochondria of 
ketotic cows, support the hypothesis of an alternate gluconeogenic pathway in 
ketotic cows. Malate, rather than OAA, was postulated to be exported from 
mitochondria to be used as a gluconeogenic substrate in the cytosol. Along with 
the increases in ACAC and BHBA, concentrations of several other metabolites 
were altered in the liver of ketotic cows; lactate and pyruvate were increased 
while citrate was decreased. 
During spontaneous ketosis, the mammary gland becomes a net producer 
of ACAC, but uptake of both BHBA and NEFA increase. In addition, the 
incorporation of acetate into short-chain fatty acids of milk is decreased during 
spontaneous ketosis (Luick and Smith, 1963). These data are consistent with 
inhibition of fatty acid synthesis in the mammary gland during spontaneous 
ketosis. 
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Induction of Ketosis 
Ketosis may occur at varying degrees of intensity in all mammalian 
species, and it may be precipitated by a variety of predisposing conditions 
(Bergman, 1970). The nature of ketosis makes it difficult to study. While the 
ketotic state has been well characterized, research on the development of this 
metabolic disease is not done easily in practical on-farm conditions. Thus, 
researchers have turned to models of the disease to characterize its normal 
progression. 
One method for inducing of ketosis in dairy cows is to use short-term 
starvation (Baird, 1977). Ketosis induced by starvation has some similarities to 
"spontaneous ketosis", yet, there are also some significant differences that make it 
limited as a model for lactation ketosis. Starvation will increase ketones and 
NEFA concentrations in blood and produce symptoms of ketosis. However, in 
addition to a complete lack of nutrients absorbed from the gut, Baird (1966) 
identified increased blood acetate concentrations as a major difference between 
spontaneous and starvation ketosis. Concentrations of blood acetate are 
increased in spontaneously ketotic cows, whereas starvation dramatically 
decreases concentration of blood acetate (Schwalm and Schultz, 1976; Kronfeid 
et al., 1968). 
Hibbitt and Baird (1967) have produced ketosis by feeding a high protein 
diet to lactating cows given extra thyroid hormones. More recently, the Nutritional 
Physiology Group at Iowa State University has developed a protocol to induce 
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ketosis in lactating dairy cows by restricting feed intal<e and using 1,3-butanediol 
(BD) as a ketone precursor (See ketosis induction protocol). 
1.3-Butanediol 1,3-Butanediol (1,3-butylene glycol) has been studied as 
a synthetic energy source for diets of humans (Tobin et al., 1975; Kies et al., 
1973), rats (Miller and Dymsza, 1967; Tobin et al., 1978), pigs (Romsos et al., 
1975b; Hansen, 1991), goats (Drackley et al., 1989b; Drackley et al., 1989a; Kim, 
1987), cattle (Hess and Young, 1972; Bonner, 1974; Bonner et al., 1975; Yoshida 
et al., 1971; Dufva et al., 1984; Young, 1975), and poultry (Davenport et al., 1967; 
Romsos et al., 1975b). 
This clear, odorless, hygroscopic liquid (TABLE 2) can be incorporated 
easily into products for human consumption and into diets for animals, 1,3-
Butanediol is highly digestible, supplying approximately 6.5 Meal of metaboiizable 
energy per kg (Miller and Dymsza, 1967), and it may be included at up to 20% of 
TABLE 2. Physical characteristics of 1,3-butanediol. 
Molecular weight 
Boiling point, °C 
Freezing point, °C 
Density 
< -50 
207.5 
90.12 
1.005 
Viscosity at 25°C, 
Centistokes 96.0 
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the diet without decreasing feed intake or growth rate in non-ruminants (Dymsza 
and Miller, 1963; Romsos et al., 1975b). As of 1988, BD has been approved as 
an energy source for swine (Federal Register, 1988) and it is used currently as a 
solvent for flavorings in human foods and as a humectant in tobacco and 
cosmetics. 
Tate et al. (1971) associated alcohol dehydrogenase with the first step in 
oxidation of BD (Figure 2). The complete metabolism of BD in rats was published 
by Mehlman et al. (1975). 1,3-Butanediol is metabolized to BHBA (Mehlman et 
al., 1975; Mehlman et al., 1970a; Tate et al., 1971) in the liver and kidneys of non-
ruminants, which then can be utilized by numerous tissues. Mehlman et al. 
(1970) found that incubation of liver extracts with BD and various gluconeogenic 
precursors resulted in increased ketone concentrations. In addition, they found 
that ketones are the sole metabolic product when BD is incubated with rat liver 
slices as the sole energy source. Feeding BD to rats results in increased blood 
ketones and alters other metabolite concentrations as well 
1,3-Butanediol is a minor product of rumen fermentation (Dude, 1967), and, 
while there have been no tracer studies of BD metabolism in ruminants, both 
ruminants and non-ruminants have similar responses when fed BD. Hess (1971) 
and Hess and Young (1972) found increased blood and urine ketone 
concentrations in calves and lactating cows after a one-week adaptation to 
feeding BD at approximately 5% of the ration DM. Kim (1987) showed a dose-
dependent increase of plasma ketones in lactating dairy goats fed BD. Dairy 
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Figure 2. Oxidation of 1,3-butanediol. 
calves fed BD at up to 10% of ration dry matter sliowed increased blood ketones, 
but there was no effect on rumen fermentation patterns (Bonner, 1974; Bonner et 
al., 1975). Drackley et al. (1991) reported in vivo conversion of BD to BHBA with 
bovine liver slices but not with rumen papillae or kidney slices. Thus, in ruminants 
BD seems to pass through the rumen unaltered and to be absorbed and oxidized 
as in non-ruminants. 
Ruminants seem to be more sensitive than non-ruminants to dietary 
butanediol. Currently, 20% is suggested as an upper limit for BD in non-ruminant 
diets, however, Hess and Young (1972) reported increases of blood and urine 
ketones in calves fed at approximately 8 and 10% of ration DM. The calves 
became hyperactive, nervous, exhibited muscular incoordination, and increased 
urine output. These changes are similar to reports of incoordination in dogs fed 
high amounts of BD (Dymsza, 1975). Thus, while non-ruminants were able to 
tolerate 20% BD in the diet, ruminants were more sensitive to the ketones and 
displayed abnormal signs with doses as low as 5%. 
There also seems to be an interaction of BD with density of dietary energy. 
Calves fed a high concentrate diet had smaller increases in plasma ketones than 
calves fed a high forage diet (Bonner, 1974). With higher concentrate rations, BD 
also decreased average daily gain, but it had no effect on intake, which was 
decreased when calves were fed a high forage diet supplemented with BD. 
In addition to increased ketone bodies, feeding BD results in numerous 
metabolic changes (TABLE 3). The more consistent changes include increased 
NEFA, decreased blood glucose, and increased liver lipid content. In part, these 
effects are mediated by the two reducing equivalents (NADH) produced in the 
cytosol and an additional NADH produced in mitochondria during oxidation of BD 
(3). Mehlman and Veech (1972) reported changes in the redox states of 
mitochondria and cytosol, as well as changes in the mitochondrial 
phosphorylation state, in rats consuming BD. In addition, they found altered 
metabolite levels that were characterized as representative of mild starvation 
(Mehlman and Veech, 1972; Tobin et al., 1978). Romsos et al. (1974) reported 
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TABLE 3. Metabolic changes associated with feeding 1,3-butanediol. 
Parameter Species Change Reference(s) 
Blood constituents: 
Glucose 
NEFA 
Triglyceride 
Rat No change 
Decreased 
Human Decreased 
Cow No change 
Decreased 
Goat Decreased 
Pig No change 
Chick No change 
Rat Increased 
No change 
Human No change 
Cow Increased 
Pig No change 
Chick No change 
Rat Increased 
No change 
Decreased 
Human No change 
Pig Increased 
Chick No change 
(Miller and Dymsza, 
1967) 
(Mehlman et ai., 1970b; 
Tobin et al., 1972; 
Romsos et al., 1974) 
(Kies et al., 1973) 
(Hess and Young, 
1972; Lyle, 1983; 
Bouillon et al., 1992) 
(Bonner et al., 1975; 
Young, 1975; Drackley, 
1989; Zhang, 1986; 
Johnson et al., 1992) 
(Drackley et al., 1989b; 
Drackley et al., 1989a) 
(Romsos et al., 1975b) 
(Romsos et al., 1975b) 
(Mehlman et al., 1966; 
Romsos et al., 1974) 
(Tobin et al., 1972) 
(Kies et al., 1973) 
(Lyle, 1983; Dufva et 
al., 1984; McNamara 
and Hiliers, 1986b) 
(Romsos et al., 1975b) 
(Romsos et al., 1975b) 
(Mehlman et al., 1966) 
(Tobin et al., 1972) 
(Romsos et al., 1974) 
(Kies et al., 1973) 
(Romsos et al., 1975b) 
(Romsos et al., 1975b) 
Insulin Rat Decreased (Romsos et al., 1974) 
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Table 3. (Continued). 
Parameter Species Change Reference 
Goat No change (Zhang, 1986; Drackley 
et al., 1989b) 
Decreased (Drackley et al., 1989a) 
Liver parameters: 
Glycogen Rat Increased (Miller and Dymsza, 
1967) 
Decreased (Tobin et al., 1972) 
Lipid Rat 
Goat 
Liver enzymes: 
Phosphohexoseisomerase Rat 
PEPCK Rat 
Malic enzyme 
Hepatic gluconeogenesis 
Hepatic lipogenesis 
Increased 
Increased 
Increased 
Increased 
Rat increased 
Rat Increased 
Cow Decreased 
Rat Decreased 
(Stoewsand et al., 
1965: Mehlman et al., 
1966; Romsos et al., 
1975a) 
(Drackley et al., 1989a) 
(Miller and Dymsza, 
1967) 
(Mehlman et al., 1970b; 
Tobin et al., 1978) 
(Mehlman et al., 1970b) 
(Mehlman et al., 1970b) 
(Mills et al., 1984) 
(Romsos et al., 1974; 
Romsos et al., 1975a) 
Adipose lipid Rat Decreased (Stoewsand et al., 
1965; Mehlman et al., 
1966; Mehlman et al., 
1970b; Tobin et al., 
1972) 
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Table 3. (Continued). 
Parameter Soecies Chance Reference 
Adipose tissue enzymes: 
Malic enzyme Rat Increased (Mehlman et al., 1970b) 
Pig No change (Romsos et al., 1975b) 
Chick Decreased (Romsos et al., 1975b) 
Fatty acid synthetase Pig No change (Romsos et al., 1975b) 
Chick No change (Romsos et al., 1975b) 
Adipose lipogenesis Rat No change (Romsos et al., 1974) 
Pig No change (Romsos et al., 1975b) 
Chick Decreased (Romsos et al., 1975b) 
that feeding BD decreased hepatic lipogenesis and malic enzyme activity in both 
adipose tissue and liver of rats. They suggested that BD increased lipogenesis in 
rats by altering the hepatic NADH/NAD"*" ratio. 
The numerous reports on the ability of BD to alter lipid and glucose 
metabolism were of particular interest to our work with the induction of ketosis. 
The reports of adipose tissue lipolysis, increased hepatic lipid content, and 
decreased hepatic gluconeogenesis were similar to changes during ketosis. 
Initial reports of decreased adipose tissue mass were supported by reports of 
increased adipose tissue lipolysis, increased NEFA, and decreased plasma 
triglycerides. These metabolic effects, in addition to the increased concentrations 
of ketones, suggested that BD may be used to help produce a model for 
spontaneous "on farm" ketosis in dairy cows. 
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Ketosis Induction Protocol Details of the ketosis induction protocol used 
at Iowa State University have been published (Drackley, 1989; Mills et al., 1984; 
Mills et al., 1986a). The protocol, abbreviated FRBD, calls for restricting feed 
Intake at day 14 of lactation to 80% of previous ad libitum dry matter intake (DMI) 
and including BD (a ketone precursor) In the ration at 7% of DMI. Signs of 
ketosis develop gradually over the next 4 wk and cows generally become ketotic 
at an average of about 42 d of lactation. The relative metabolic changes that 
occur as ketosis develops from this protocol are illustrated in Figure 3. 
Ketosis induced by FRBD seems to represent a more physiological form of 
ketosis than does starvation ketosis for at least two reasons. First, feed 
restriction does not eliminate substrates coming from the gastrointestinal tract as 
is the case with starvation ketosis. The FRBD protocol, therefore, results in a 
more gradual progression into ketosis. Second, in spontaneous "on farm" ketosis 
and in FRBD-induced ketosis, plasma concentrations of acetate and ACAC are 
increased (3B), but are decreased during starvation ketosis. Thus, previous 
studies that used the FRBD protocol have produced characteristics of clinical 
ketosis that are indistinguishable from "on farm" ketosis by any physical or 
biochemical measure. 
Mills et al. (1986a and b) were the first to use the FRBD protocol, and they 
were able to induce clinical ketosis in four out of five lactating dairy cows that had 
been overfed during the dry period. Along with increased concentrations of 
ketones, they reported that ketosis was associated with a 10-fold increase in 
26 
Parturition B#gtn FRBD K^tosls 
Induetlon of Fatly 
Ltv#r qnd K#+oml* 
Blood Oluoot* 
Î2 
o 
z 
Llvar Gluoonaoganlasia 
I 
Llvar Glyoo0«n I 
— 
X 
Ul 
a: F##d Intake 
Milk Production (' 
. — . -J 
Blood Insulin 
Llvar Trifllyearldaa 
Blood 
Blood Aoatata 
7 21 as 7 0 14 28 42 SE 
DAYS PERIPARTUM 
Figure 3. Relative changes in blood constituents, liver composition, feed intake, and 
milk production which occur during the development of ketosis. Data for increasing 
(A) and decreasing (B) parameters were based on the present study and on earlier 
work in our laboratory (Mills et al., 1986a; Mills et al., 1986b; Veenhuizen et al., 1991 ; 
Drackley et al,, 1991). 
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hepatic triglyceride and a 90% decrease in hepatic glycogen content, as well as 
decreased hepatic gluconeogenesis (60%) and glucose oxidation (47%). Their 
data suggest that cows that lose liver glycogen during the first 14 d of lactation 
were less able to utilize NEFA entering the liver. The liver accumulated fat until its 
functioning was so impaired that it could no longer supply glucose precursors 
(OAA) to combine with AcCoA derived from 13-oxidation. The decrease in OAA 
then resulted in increased ketone synthesis. Additional data from their study 
showed that adipose tissue lipolysis was greatest at ketosis. It is unclear, 
however, why in vitro hepatic stearate oxidation was three times greater at ketosis 
than during early lactation. 
We also have used the FRBD protocol to demonstrate that fatty liver 
usually precedes ketosis, challenging the previous theory that fatty liver resulted 
from complications of ketosis. Further, it was shown that fatty liver seems to be a 
prerequisite to development of ketosis and probably contributes to its onset 
(Drackley et al., 1991; Drackley et al., 1992). 
Fatty Liver 
Fatty liver (hepatic lipidosis) can develop in high producing dairy cows 
during early lactation. The accumulation of lipid, predominantly triglycerides 
(Brumby et al., 1975; Reid and Collins, 1980; Bogin et al., 1988), results when 
NEFA uptake exceeds the ability of the liver to oxidize or export lipids as very low 
density lipoproteins (Ahren, 1991; Reid et al., 1977). Preliminary reports attributed 
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the lipid accumulation to a secondary disorder after the occurrence of other 
metabolic diseases (Morrow et al., 1979; Deem, 1980; Doxley and Scott, 1983; 
Higgins and Anderson, 1983; Gerloff and Herdt, 1984). Fatty liver can become a 
clinical disorder when compounded with obesity at calving, dietary restriction 
(Bertics et al., 1992), or starvation, it also may occur secondarily to other 
disorders such as milk fever, displaced abomasum, mastitis, metritis, or ketosis. 
More recently, however, fatty liver has been found to occur to various degrees in 
a high percentage of dairy cows at the onset of lactation (Gerloff et al., 1986; 
Ford, 1959; Reid, 1980; Roberts et al., 1981). 
Jasper (1947) found that 40% of cows had fatty livers during late gestation, 
whereas the proportion was 25% during early postpartum and less than 1 % at 
other stages of lactation. In addition, Reid (1980) reported that 100% of clinically 
normal cows demonstrated some degree of increased liver triglyceride content 
during the first wk postpartum, and 66% had moderate to severe fatty liver at 1 
wk postpartum. Thus, we can conclude that the mere presence of fat droplets 
within the liver does not constitute disease; nevertheless, there is a definable 
clinical syndrome associated with extremely fatty liver. 
Etioloav of Fattv Liver Development of fatty liver during early lactation 
may be an exaggeration of normal metabolic processes. Hepatic removal of 
NEFA from the plasma is between 7 and 25% (Bell, 1980; Pethick et al., 1984; 
Lomax and Baird, 1983; Reid et al., 1979) and is proportional to plasma NEFA 
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concentration and hepatic blood flow (Pethick et al., 1984; Bell, 1980). Increases 
in liver triglyceride during late gestation and early lactation coincide with increases 
in plasma triglyceride (Marcos et al., 1990). The severity of fatty liver has been 
associated with the negative energy balance of early lactation; cows consuming 
proper amounts of energy prepartum are less likely to develop fatty liver (Bertics 
et al., 1992). In addition, the severity of fatty liver is positively correlated with 
serum NEFA concentration (Reid et al., 1983). 
During starvation, the entry of fatty acids into the liver is proportional to 
their concentration in blood (Katz and Bergman, 1969; Mayes and Felts, 1967). 
Thus, unless there is a compensatory increase in fatty acid export or oxidation 
then liver lipids will accumulate. Brumby et al. (1975) found that fatty liver was 
associated with decreased liver and serum phospholipids and cholesterol in 
ketotic cows induced by starvation. He suggested that lipoprotein synthesis was 
decreased by the decrease in these precursors or a decrease in liver protein 
synthesis due to ultrastructural changes observed in the liver. 
Diagnosis of Fattv Liver For the most part, fatty liver remains a hidden 
disease. There are few diagnostic tests, so the only accurate diagnosis is to 
measure the lipid and glycogen content in a liver biopsy which is done only 
rarely. Clinical tests of liver function are, in general, not well correlated with the 
severity of fatty liver. They do not become clearly abnormal unless fatty liver is 
extremely severe. The difficulty in obtaining liver biopsies to measure liver 
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triglycerides continues to hide the disorder in dairy cattle. Plasma NEFA have 
been correlated with fatty liver and has been proposed as part of a multivariate 
test for prediction of fatty liver. This assay is easy to perform and yet it is not 
done in many clinical laboratories. 
Blood activities of hepatic cellular enzymes are not sensitive indicators of 
fatty liver. Serum aspartate aminotransferase (AST), a commonly measured 
hepatocellular enzyme, has shown the most promise for predicting fatty liver 
(McCarthy et al., 1968; Herdt et al., 1983b; Reid et al., 1983), and it has been 
suggested for use in monitoring the occurrence of fatty liver (Reid et al., 1983; 
Sommer, 1985). Serum ornithine decarboxylase also has been correlated with 
the development of fatty liver. Activities of both enzymes, however, show 
considerable overlap in the ranges of values in cows with and without fatty liver. 
Serum sorbitol dehydrogenase activity may be a more specific indicator of liver 
damage, but AST may be more specific to the effects of fatty liver. Serum lactate 
dehydrogenase isozyme 5 also has been shown to increase in association with 
increased hepatic lipid (Ubaldi et al., 1980). 
Clearance of sulfobromophthalein (bromsulphalein; BSP) has been found 
to decrease with increased liver fat in early postpartal lactating dairy cows (Herdt 
et al., 1982; Smith, 1987). Clearance of BSP is generally decreased in dairy cows 
during early lactation (Treacher and Samson, 1969); however, there is a poor 
correlation between BSP clearance and liver lipids. The propionate clearance and 
glucose response to a propionate load has been proposed as a liver function test 
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(Baird, 1982). A review of literature on propionate loading appears in the 
introduction to the second paper in this dissertation. 
The liver biopsy continues to be the standard for diagnosis of fatty liver. 
The fat content of biopsy samples can be measured by chemical analysis, by 
histologic examination (Gaal et al., 1983), or by flotation methods (Herdt et al., 
1983a): yet, the interpretation of liver fat concentration is not a straightforward 
process. 
Metabolic Consequences of Fattv Liver Animals with liver lipid 
concentrations above 35% of dry weight essentially have no normal liver tissue 
and will be clinically ill. Cows with between 25 and 35% liver lipid may not exhibit 
clinical disease, but may demonstrate clinical signs depending on the severity of 
concurrent diseases. Cows with between 13 and 25% hepatic lipid often do not 
show clinical signs, but show increased risk for disease, death, and culling 
compared with normal cows (Gerloff et al., 1986). Hepatic lipid concentrations 
less than 13% of dry weight are not clinically significant. 
Fattv Liver and Ketosis Fatty liver has long been considered to be a 
secondary disorder, associated with the onset of ketosis. Use of the FRBD 
induction model of fatty liver, however, has shown fatty liver to precede the 
development of ketosis and to possibly contribute to its onset (Drackley et al., 
1992). Ketosis has been correlated to milk production in the previous 120 d and 
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to dry cow condition (Froni< et al., 1980), Fatty liver may alter the ability of the 
liver to carry out its normal function. Previous results have shown decreased 
gluconeogenic capacity during ketosis (Baird et al., 1977; Mills et al., 1984; 
Grohn, 1985; Mills et al., 1986b). 
Schultz (1968) and Blood et al. (1983) indicated that the most obvious and 
common postmortem abnormality of ketotic cows is fatty liver. Histological 
examination of fatty liver shows the presence of large lipid droplets in the central 
regions of the hepatic lobules with smaller droplets in the peripheral areas (Reid 
and Collins, 1991). Additional cellular changes associated with fatty liver include 
decreased endoplasmic reticulum and mitochondrial numbers in cows with fatty 
liver and ketosis (Reid, 1973). 
There is evidence of impaired liver function during ketosis with increased 
sulfobromophthalein turnover time (Robertson et al., 1957). Schultz (1974) 
reported fatty liver and loss of liver function during ketosis. It seems reasonable 
that other synthetic and oxidative functions could be diminished. Producers 
report unthrifty cows, that do not eat or produce well and that rapidly lose body 
condition. Mehnert (1986) proposed that the ratio of hepatic triglyceride to 
glycogen (TG:GLY) could be used an indicator of metabolic stress during early 
lactation. 
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Body Condition The development of fatty liver and ketosis has been 
related to the mass of adipose tissue (body condition) at calving. The body 
condition of dairy cows is in a constant state of change as their physiological 
status changes. During the dry period, neither major weight gain or weight loss 
are desirable, and maintaining a body condition score of about four (Della-Fera et 
al., 1981; Ferguson et al., 1991) is desirable in anticipation of meeting the 
demands of the subsequent lactation. During early lactation body condition of 
cows decreases as adipose tissue is mobilized in support of milk production. 
Cows regain body condition more efficiently while lactating; thus, it is desirable to 
return cows to a body condition score of about 4.0 by the end of lactation. 
Over condition or obesity at calving has been linked to a number of 
disease conditions, including metritis (Morrow, 1976; Morrow et al., 1979; Fronk et 
al., 1980; Baird, 1982; Markusfeld et al., 1984). Over-conditioned cows at calving 
have a decreased postpartal feed intake (Garnsworthy and Topps, 1982; Holter et 
al., 1990), which is a critical factor in the development of fatty liver (Bertics et al., 
1992). 
Summary 
In reviewing data on the susceptibility of cows to induction of ketosis with 
FRBD, Drackley et al. (1992) found that early postpartal cows with a TG:GLY ratio 
below ca. two were resistant to the induction of ketosis, whereas cows with a 
TG:GLY ratio above this were susceptible to ketosis induction. 
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The long-term goals of this research are to: 1) define the biochemical 
etiology of ketosis and to 2) develop strategies for the prevention ketosis. The 
hypothesis of the present study was that fatty liver precedes the development of 
ketosis and may contribute to its onset. 
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PAPER I. METABOLIC CHARACTERISTICS OF AN INDUCED KETOSIS IN 
NORMAL AND OBESE DAIRY COWS 
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ABSTRACT 
Four groups of six multiparous cows were used to determine effects of 
body condition (normal or obese) on characteristics of an induced ketosis. 
Obese cows calved 96 kg heavier and .66 body condition score units greater 
than normal cows. Susceptibility to ketosis was evaluated by restricting feed by 
20% and feeding 7% 1,3-butanediol from days 15 to 49 of lactation. Three normal 
and three obese cows developed ketosis on the induction protocol: four cows 
showed ketonemia and two developed clinical ketosis. Cows subjected to the 
induction protocol decreased milk production by 15% and milk energy secretion 
by 14%. The ketosis induction protocol decreased the concentration of glucose 
and the insulin to glucagon ratio, and it increased the concentration of B-
hydroxybutyrate and the hepatic triglyceride to glycogen ratio. Obese cows lost 
more weight and body condition than cows of normal body condition. Despite 
greater adipose tissue stores and increased losses, obese cows had lower 
hepatic triglyceride to glycogen ratios, lower blood ketone concentrations, higher 
insulin to glucagon ratios, and higher blood concentrations of glucose and insulin. 
Seemingly obese cows were better able to compensate for the ketosis induction 
protocol than were normally conditioned cows. Yet, 75% of obese cows and 60% 
of normal cows developed some degree of ketosis from the induction protocol. 
Obese cows were, therefore, susceptible to ketosis, and became ketotic without 
dramatic changes in glucose status or liver composition. 
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INTRODUCTION 
A ketosis induction protocol has been developed to produce a metabolic 
state of ketosis in lactating dairy cows that seems to be indistinguishable from 
naturally occurring "on farm" ketosis (Mills et al., 1986b: Mills et al., 1986a: 
Drackley et al., 1991: Drackley et al., 1992). The protocol, abbreviated FRBD, 
restricts feed intake at d 14 of lactation to 80% of previous ad libitum DM! and 
includes 1,3-butanediol (BD), as a ketone precursor, in the diet at 7% of DMI. 
When this protocol is used, ketosis develops gradually over the next 4 wk and 
signs of clinical ketosis develop at an average of about 42 d of lactation. 
The development of fatty liver is among the more commonly noted physical 
abnormalities to occur with on farm ketosis (McNamara et al., 1982: Grohn and 
Lindberg, 1985: Saarinen and Shaw, 1950: Ford and Boyd, I960: Kronfeld et al., 
1960). Precise determination of the etiology of fatty liver and ketosis has been 
hampered, however, by lack of an experimental model. Using the FRBD 
induction protocol, the development of ketosis is preceded by and seemingly 
dependent on development of fatty liver (Veenhuizen et al., 1991: Drackley et al., 
1992). Cows with a hepatic triglyceride to glycogen ratio (TG:GLY) somewhere 
below two at calving are resistant to this ketosis induction protocol, whereas 
ketosis may be induced if the ratio is somewhere above two (Drackley et al., 
1992). Thus, development of fatty liver precedes ketosis and seems to contribute 
to the onset of ketosis. 
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Accumulation of triglyceride within the liver is a normal characteristic of 
early lactation in dairy cows (Ford, 1959; Reid et al., 1977; Reld and Collins, 
1991). As part of the homeorhetic adaptation In support of lactation, NEFA are 
mobilized from adipose tissue (Reid et al., 1979). These fatty acids may enter 
the liver where they are either oxidized or reesterified and exported as VLDL. 
During early lactation, however, the liver may be overwhelmed with NEFA that 
may then accumulate as triglyceride droplets within hepatocytes. 
Body condition at calving is a measure of adipose tissue reserves, which 
are used during lactation to supply energy and precursors for milk production. 
However, excess body condition at calving has been found to increase losses in 
body weight and body condition during lactation and to decrease feed intake and 
milk yield (Treacher et al., 1986). In addition, obesity at calving contributes to the 
development of various metabolic diseases such as fat cow syndrome, mastitis, 
metritis, and fatty liver (Fronk et al., 1980). Our hypothesis was that cows that are 
obese at calving, having greater adipose tissue reserves and increased NEFA 
mobilization (Treacher et al., 1988), would develop more severe fatty liver during 
early lactation. Obese cows would, therefore, be more susceptible to the 
induction of ketosis than cows of normal body condition. The objective of this 
study was to determine the effect of body condition at calving on the 
susceptibility of lactating dairy cows to the induction of ketosis. 
39 
MATERIALS AND METHODS 
Animals 
Twenty four multiparous Holstein cows were assigned to a 2 by 2 factorial 
design with body condition at calving and diet being the two factors evaluated 
(Figure 1). The body condition scores of cows were monitored near the end of 
the previous lactation, and cows 
were divided into two categories 
based upon their predicted body 
condition score at calving (Wildman 
et al., 1982; Edmonson et al., 1989). 
Twelve cows expected to calve with 
a body condition score around 4.0 
were assigned to the normal 
category and were fed to maintain 
their body condition during the dry 
period. Twelve cows with body 
condition scores greater than 4.0 
were assigned to the obese category and fed to calve with body condition scores 
averaging 4.5. Adjustments in body condition were made during the last few 
weeks of lactation and up to 3 wk into the dry period by feeding from 80 to 120% 
of NRC recommendations. The composition of the basal diet and supplement 
Control FRBD 
Diets 
Figure 1. Experimental design with 
ketosis induction protocol (FRBD) and 
biopsy dates shown relative to calving 
(Î). 
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fed during the dry period are shown in Table 1. 
Diets 
Cows from the two categories were assigned randomly prepartum to the 
control or FRBD groups to give four groups of six cows (Figure 1): normal cows 
fed the control diet, NC; normal cows fed the FRBD diet, N-FRBD; obese cows 
fed the control diet, OC; and, obese cows fed the FRBD diet, 0-FRBD. All cows 
received the control diet through 14 d of lactation, as an adaptation period. Grain 
and silage were fed as a mixture with alfalfa hay offered to each cow at 3.63 kg/d. 
The mixed ration was sampled monthly, and DM was determined by drying at 
TABLE 1. Composition of dry period diet. 
Component Amount fed NEl 
(Mcal/kg DM) 
Basal diet 
Oat hay 
Corn silage 
Supplement 
Cracked corn 
Whole oats 
Molasses 
Total 
Ad libitum 
1 kg/d 
% of 
supplement 
41.66 
41.66 
16.66 
.8 
1.6 
1.84 
1.77 
1.72 
100% 1.77 
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TABLE 2. Composition of control diet 
Ingredient % of DM 
Grain mix:® 
Cracked corn 45.34 
Soybean meal 14.57 
Energy Booster Fat'^ 1.94 
Sodium bicarbonate .65 
Yeast culture .65 
Dicalcium phosphate .65 
Magnesium oxide .32 
Sodium chloride .32 
Calcium carbonate .16 
Vitamin & mineral premix .16 
Corn silage® 35.23 
^Alfalfa hay was offered to each cow at 3.6 kg/d. 
^Mixed ration was a combination of the ISU herd silage mix 
and the concentrate mix (79% and 21%, as fed, respectively). 
^Whole cottonseed and soybean meal were substituted in 
the concentrate mix (up to 4.2% and 8.9% of the ration, as fed, 
respectively) when required. 
^Milk Specialties Co., Dundee, IL 
^Alfalfa haylage was substituted for up to 35% of corn silage 
when available. 
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60°C for 2 d in a forced-air oven. The mixture was approximately 62% dry 
matter, and was calculated to contain 1.8 Meal NE|_/kg, 14.9% crude protein, 
4.78% ether extract, 22% neutral detergent fiber and 12.7% acid detergent fiber. 
Dry matter intake (DMI) was measured for d 10 to 14. After d 14, cows in 
the normal and obese control groups continued to receive the control diet at ad 
libitum intake, while normal and obese cows assigned to the FRBD groups were 
restricted to 80% of previous DMI and given 1,3-butanediol in their ration. 
Butanediol was increased gradually over 4 d until it reached 7% of the DMI. 
The FRBD ration was continued from 14 to 49 d of lactation (the ketosis induction 
period) or until cows became ketotic. When cows developed clinical ketosis, 
liver biopsy samples were taken, the FRBD protocol was discontinued, and cows 
were returned to the control ration for a 14 d recovery period. After d 49 all 
FRBD cows that had not developed signs of clinical ketosis also were returned to 
the control ration for a 14 d recovery period. 
Samples 
Liver biopsies were taken at 10 d prepartum and at 7, 14,21, 28, 35, 42, 
49, and 63 d of lactation (Figure 2). Details of the biopsy procedure have been 
published (Hughes, 1962; Veenhuizen et al., 1991). Briefly, the biopsy site 
between the 11^^ and 12**^ ribs was cleaned with betadine scrub and anesthetized 
with lidocaine. An incision of about 1 cm was made through the skin, and the 
biopsy needle was used to pierce the intercostal muscles and peritoneum. Once 
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Figure 2. Sampling protocol with propionate infusions (P), hormone profiles 
(H), and biopsies (B) shown In relation to calving (i) and the ketosis induction 
protocol. 
the liver was located, a 5 to 7 g sample was removed and the external site then 
was closed and treated topically with furisan powder. A portion of the liver 
sample was placed in ice cold buffer (2°C) and transported to the lab for in vitro 
incubation assays. The remainder was frozen and stored at -80°C for later 
analyses of triglyceride and glycogen. 
One day before the -10, 14, 28, and 42 d liver biopsies were taken, blood 
samples were collected hourly during a 10 h "window" to establish concentrations 
of insulin and glucagon. In addition, an intravenous propionate challenge was 
performed on the previous day, which was two days preceding these biopsies. 
Details and results of the propionate challenges and the liver slice incubations are 
reported elsewhere (Paper II). 
Body condition scores, a qualitative evaluation of the amount of adipose 
tissue stored, were taken weekly (Wildman et al., 1982; Edmonson et al., 1989). 
Body condition scores can range from 1 to 5, with 1 being extremely thin and 5 
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being overly obese. 
Concentrations of ACAC and BHBA (Williamson and Mellanby, 1974) were 
determined on protein-free filtrates prepared from blood plasma (Somogyi, 1945), 
Glucose concentration was determined by using glucose oxidase^ and NEFA was 
determined by using a commercial kit^ with the following modifications 
(McCutcheon and Bauman, 1986): 16 ml of water was added to reagent A and its 
diluent, and 33 ml of water was added to reagent B and its diluent. To 25 jil of 
sample or standard were added .4 ml of reagent A and .8 ml of reagent B. The 
reaction was linear through 2000 (leq/l. Concentrations of immunoreactive insulin 
and glucagon in plasma were measured by radioimmunoassay (Amaral, 1988; 
Herbein et al., 1985; Elsasser et al., 1986). Plasma processed for glucagon 
assays contained 2500 lU of added aprotinin® per ml. 
Statistical Analysis 
Data were evaluated as a split plot in time design by using the SAS 
General Linear Models procedure. Whole plot effects (body condition, diet, and 
their interaction) were tested by using the error term of cow within group. The 
subplot effects (sampling time and time by treatment interactions) were tested 
^Sigma glucose (Trinder) kit no. 315, Sigma Chemical Co., St. Louis, MO. 
^NEFA-C kit, WAKO Chemical Co. USA, Dallas, TX. 
^Trasyolol'^, Mobay Chemical Corp., FBA Pharmaceuticals, New York, NY. 
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against residual error. Least-squares means are presented in the text and tabies 
while actual means were used in graphs. Tests of significance with P<.10 were 
considered statistically significant. 
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RESULTS AND DISCUSSION 
Experimental Animals 
Five cows did not complete the study and were not used in the statistical 
analysis. Three were removed after irregular feed intake and subsequent 
diagnosis and treatment for displaced abomasum. One cow died after the 
hepatic artery was perforated at the prepartum biopsy; this fatality was the only 
serious problem we encountered in over 150 biopsies. Finally, one cow was 
removed from the study due to characteristic signs of fat cow syndrome. Our 
procedure of obtaining obese cows was designed to minimize the risk of inducing 
TABLE 3. Prepartal characteristics of cows completing the study. ^ 
Control Cows FRBD Cows 
Variable Normal Obese Normal Obese SE^ 
Number of cows 6 4 5 4 
Parity (avg.) 2.8 2.5 2.6 2.6 .19 
Dry period (d) 67 78 65 66 2.9 
Weight (kg)* 674 803 691 755 19.6 
Body condition® 3.6 4.3 3.6 4.0 .13 
^ Least squares means. 
^Within group standard error. 
^Significant effect of body condition score (P < .001). 
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fat cow syndrome. 
Prepartal characteristics of the 19 cows completing the study are shown in 
Table 3. Cows were at an average parity of 2.7 and had an average of 69 d dry 
before calving. There were no significant differences in parity or days dry 
between experimental groups. 
None of the normal or obese control cows developed ketosis, whereas six 
cows given FRBD (i.e., 67%) were observed with some degree of ketosis. Four 
cows (two normal and two obese) were observed to have subclinical ketosis at 
an average of 33 d of lactation while two (one normal and one obese) developed 
clinical signs of ketosis at an average of 36 d in lactation. 
Obese cows were 96 kg heavier (P < .001) and had .66 units greater body 
condition score (P < .001) than normal cows at calving (TABLE 3). Cows in both 
normal and obese categories were below the body condition score specified in 
the objectives: however, this probably represents differences in body condition 
scoring technique between the researchers and herd managers rather than errors 
of experimental design. Thus, by using this selection process, we obtained a 
group of cows that had significantly higher body condition scores at calving than 
the herd average (i.e., normal controls). 
Feed Intake 
There were no significant differences in feed consumption between normal 
and obese cows after calving so these measures have been combined for 
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presentation of feed intake data (TABLE 4). During tlie ketosis induction period 
(d 15 to 49) intake of tlie grain mixture by tlie FRBD fed cows was 9,0 kg/d less 
than that of the control cows (P < .002). Energy intake of cows on the FRBD 
protocol was supplemented by 1,3-butanediol in the ration and by a tendency 
toward increased hay consumption of .55 kg/d over controls (P = .22). With 
these additional sources of energy during the induction period, the net energy 
intake of FRBD cows averaged 12.6% less than for control cows (Figure 3), but 
the average was not significantly different (P = .13). There was, however, a 
significant diet by wk interaction (P < .03) in which NE^ for intake continued to 
TABLE 4. Feed intake during the experimental period^' 
Significance 
Variable Control FRBD SE^ (P > F) 
Dav 15-49 
Grain (kg/d)® 28.8 19.8 .52 .002 
Hay (Kg/d) 2.34 2.89 .10 .22 
Butanediol (kg/d)® 0 .85 .07 .0001 
NEl (Mcal/d) 34.8 30.4 .64 .13 
)av 50-63 
Grain (kg/d)® 35.6 28.9 1.6 .011 
Hay (kg/d) 2.3 2.6 .33 .52 
NEl (Mcal/d)® 42.3 35.2 2.0 .024 
^ Least squares means. 
^Pooled standard error. 
^Significant effect of diet (P < .05). 
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® 30 
Control 
O FRBD 
20 30 40 50 
Time Postpartum (d) 
60 70 
Figure 3. Average daily net energy intake summarized by week for control and 
FRBD cows during early lactation. Pooled standard error averaged 1.4 Mcal/d. The 
dashed vertical line indicates start of recovery period after sampling on d 49. 
increase in control cows throughout the induction period, but remained relatively 
stable in FRBD cows. 
After termination of the FRBD protocol, cows from those two treatments 
increased consumption of the grain mixture mix by 69%. From d 50 to 63 NEl 
intake for cows that were restricted previously was similar to that of the control 
groups during the induction period. However, feed consumption by the control 
cows from d 50 to 63 also was greater than during the previous period. Thus, 
during the recovery period cows from the two FRBD groups remained below that 
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of control cows (P < .05). 
Milk Production 
Effects of the biopsy procedure on daily milk production were of particular 
interest (Figure 4). Milk production was numerically lowest on the day of biopsy 
and Increased on subsequent days. Two days after the biopsy, milk production 
averaged .9 kg greater than on the biopsy day (P < .05); however, production 
was not significantly different on any of the other days analyzed. Thus, while milk 
production was decreased slightly on the day of biopsy, the decrease was not 
Time Relative To Biopsy (d) 
Figure 4. Change in milk production relative to the day of biopsy. Pooled 
standard error averaged .20 kg. ^Significantly different from d 0 (P<.05). 
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dramatic, nor was it sustained, and tiie cows returned to normal production within 
2 days. Obese cows were not different from cows of normal body condition in 
their response to the biopsy. However, cows receiving the FRBD protocol had a 
4x greater decrease from biopsies than did control cows (P < .01). 
Milk production and composition measures did not differ between any of 
the four groups during the adaptation period, i.e., the first 2 wk postpartum 
(Figure 5). Milk fat and protein percentages decreased during the adaptation 
period (P < .06 and P < .11, respectively), which decreased milk energy content 
(P < .06). However, NE|_ requirement for lactation was increased (P < .0001) in 
proportion to the increase in milk production (P < .0001) during the first 2 wk of 
lactation. 
Milk production peaked in the control cows at 38 kg/d during wk 5 
postpartum and remained relatively stable throughout the remainder of the trial. 
The ketosis induction protocol decreased milk production by 15% (P < .01) 
during the induction period (Figure 5A). Milk production in both categories of 
cows given FRBD peaked at 33 kg/d during the third week of lactation, which 
was 13% below and 2 wk before peak lactation in the control cows. It then 
remained relatively stable throughout the remainder of the induction period. 
Milk fat averaged 3.7% (Figure 5B) while milk protein averaged 2.9% 
(Figure 5C) during the induction period. Neither fat nor protein percentages were 
affected significantly by diet or body condition score at calving. The effects of 
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Figure 5. Effects of body condition and ketosis induction on milk production and composition. Pooled 
standard error averaged: milk production, 1.4 kg; fat percentage, .15%; protein percentage, .017%; and, 
energy content, .071 Mcal/kg. The dashed vertical lines at 14 and 50 d indicate the start and end of the 
ketosis induction protocol, respectively. 
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the ketosis induction protocol on milk production and composition are similar to 
those reported by Drackley et al. (1991) using the same procedure. 
Milk energy content was determined by using both the fat and protein 
percentages in the following equation developed by Tyrrell and Reid (1965): 
Mcal/kg = (226.09 + 89.5 x %Fat + 49.83 x %Protein) / 1000 
Overall the energy content of milk averaged .71 Mcal/kg and was not significantly 
different between any groups (Figure 5D). The NEl produced averaged 23.6 
Mcal/d in all cows over the entire experiment and 26.3 Mcal/d in control cows 
during the induction period. The FRBD protocol decreased secretion of milk 
energy by 14% during the induction period (P < .0001). 
After the FRBD protocol was terminated, milk production increased in the 
cows that had previously been subjected to the FRBD treatment (P < .05), and 
averaged 7.1% greater than during the induction period. Thus, during the 
recovery period, milk production for FRBD cows remained below that of controls, 
but it was not significantly different (P = .15). 
Body Weight and Condition Scores 
Body weight and condition scores decreased rapidly during early lactation 
and reached a low at about 6 wk of lactation (Figure 6). Losses of BW during wk 
1 of lactation include the weight of the fetus, which makes loss of body condition 
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Figure 6. Weel<ly changes in body weight and condition score 
during early lactation. Pooled standard error averaged 4.5 kg and .068 
units, respectively. Dashed vertical lines are as in Figure 5. 
lag behind weight loss. However, from wk 2 through 7, the correlation coefficient 
between weight and condition score was .96. Obese cows lost more weight 
during the first 2 wk of lactation (P < .05) when compared with cows of normal 
body condition (Figure 7A). The increased weight loss in obese cows occurred 
during the first week postpartum, and may have been the result of greater losses 
associated with the calf. However, these results are in agreement with those of 
Treacher et al. (1986) who reported that increased body weight and condition 
losses in cows that were fatter at calving. Despite the increased weight loss, 
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Figure 7. Effect of body condition score and FRBD on change in body weight, 
condition score, and maintenance energy requirement. Pooled standard 
errors averaged 9.0 kg, .13 units, and .14 Mcal/d, respectively. Dashed vertical 
lines are as in Figure 5. 
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obese cows averaged 63 kg heavier than cows of normal body condition at the 
end of the study. Cows in the two FRBD groups lost more weight during the 
induction period than controls (P < .05). Thus, 0-FRBD cows entered the 
recovery period with the greatest losses in body weight compared to prepartum 
values. Decreasing condition scores paralleled losses in body weight during 
early lactation (Figure 7B). Cows began to regain body weight and condition 
during the recovery period. 
Measurements of body condition scores were less precise, however, and 
therefore showed less statistical significance than did measurements of BW. 
Obese cows lost more body condition than cows of normal body condition 
throughout early lactation (P < .1). At wk 7, body condition losses in obese 
cows averaged 57% greater than in cows of normal body condition. In addition, 
there was a significant week by diet interaction in which FRBD cows lost more 
body condition than control cows early in the induction period (P < .06). 
However, there was no interaction of obesity and FRBD on body condition 
scores. 
The net energy requirement for maintenance (NE^) was calculated from 
BW (NRC, 1988) by using the equation: NE,^ = .080 x BW^^. During early 
lactation the NE,^ requirement decreased as cows lost BW (Figure 7C). The NE,^ 
averaged 13% greater in obese cows in accordance with their greater BW (P < 
.02). However, there was no effect of the FRBD protocol on NE^. 
Energy balance (EB) was calculated during the induction and recovery 
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periods by using ttie formula: EB = NE, - NEl - NE^. At the start of the 
induction period EB was negative in all cows, but it became positive at about d 
40 in control cows (Figure 8). Despite the greater NE,^ requirement for obese 
cows their EB was not significantly different from cows of normal body condition. 
While EB in FRBD cows averaged 5.1 Mcal/d below control cows during the 
induction period, the difference was not statistically significant (P = .35). Cows in 
the FRBD groups regained positive EB at about d 45. 
204 
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Figure 8. Effect of ketosis induction on net energy balance in dairy 
cows during early lactation. Pooled standard error averaged 8.1 Mcal/d. 
Dashed vertical line is as in Figure 3. 
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Blood Constituents 
Overall concentration of BHBA increased after calving (P < .001), peaked 
at about 28 d postpartum (Figure 9), then declined, and by d 63 was not different 
from prepartum samples. Acetoacetate concentration averaged about 10% of 
that of BHBA, and it increased along with BHBA during early lactation (P < .01), 
peaked at about d 28, then declined to prepartum levels by d 63 (P < .01). 
The majority of the increase seen in concentrations of both BHBA and 
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Figure 9. Ketone concentrations in dairy cows during early lactation. 
Pooled standard error for ACAC and BHBA averaged .48 and 3.5, respectively. 
Dashed vertical lines at d 0,14, and 50 indicate calving, the start, and the end of the 
induction period, respectively. 
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ACAC was a result of the FRBD cows (Figure 10). Despite the initial rise in 
BHBA concentration in N-FRBD cows, there were no significant differences in 
ketone concentrations prepartum or during the first 2 wk of lactation. 
Concentration of BHBA was increased (P < .05) by the FRBD protocol (Figure 
10A). As early as 1 wk after the FRBD induction protocol was started, BHBA 
concentrations were increased an average of 76% and remained elevated 
throughout the induction period (P < .06). BHBA concentrations were, therefore, 
elevated in FRBD cows as early as 3 wk before signs of ketosis developed. This 
observation agrees with previous reports using the same model (Veenhuizen et 
al., 1991). After termination of the FRBD protocol for induction of ketosis BHBA 
concentrations declined to levels below those of control cows (P < .001). 
Concentration of ACAC was not affect by obesity at calving or by the 
induction protocol alone (Figure 10B). However, during the induction period, 
ACAC concentration in cows subjected to FRBD tended (P < .16) to be 
increased in N-FRBD cows but not in 0-FRBD cows. As with BHBA, after 
termination of the FRBD protocol the concentration of ACAC decreased below 
that in control cows (P < .02). 
The BHBA to ACAC ratio (BHBA:ACAC) was variable throughout the study 
(Figure IOC). As acetoacetate concentrations approached zero small changes in 
the concentration of BHBA produced large changes in the ratio. Cows that were 
obese at calving (both OC and 0-FRBD) had a greater BHBA:ACAC ratio (P < 
.05) during the early portion of the induction period. However, the FRBD 
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Figure 10. Effect of body condition score and ketone induction on BHBA, 
ACAC, and the BHBAiACAC ratio. Pooled standard error averaged 7.0 mg/dl, 1.0 
mg/dl, and 72, respectively. Dashed vertical lines are as in Figure 9. 
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induction protocol had no significant effect on the BHBA:ACAC ratio. The greater 
BHBA:ACAC ratio suggests that hepatic mitochondria were more reduced 
(decreased NAD to NADH ratio), which in turn suggests that hepatic fatty acid 
oxidation was increased in obese cows. 
Concentrations of NEFA increased from prepartum to 7 d of lactation (P < 
.01) and then declined, returning to prepartum values by 21 d of lactation (Figure 
11). There were no significant overall effects of either body condition or diet on 
NEFA concentrations. While consistent with other reports of increasing NEFA 
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Figure 11. Effects of body condition score and ketosis induction on 
NEFA concentrations. Pooled standard error averaged 99 meq/l. Vertical 
standards are as in Figure 9. 
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concentrations during early lactation (Bowden, 1971 ; Hartmann and Lascelles, 
1965), these data are not consistent with those of Veenhuizen et al. (1991) who 
reported increased NEFA in response to the FRBD protocol. Elevated NEFA 
concentration during lactation suggests increased lipid mobilization from adipose 
tissue. Obese cows, which lost more body condition than normal cows during 
the study, had similar NEFA concentrations, suggesting that they were able to 
utilize the excess NEFA. 
NEFA concentrations tended to be higher in N-FRBD and 0-FRBD cows 
that became ketotic versus those that resisted ketosis (P < .06); averaging 88% 
higher prepartum, peaking 24% higher, and averaging 28% higher during the 
induction period than FRBD cows that did not become ketotic. There were no 
significant differences in NEFA concentrations between N-FRBD and 0-FRBD 
cows that developed ketosis. During the induction period, however, NEFA 
concentrations in N-FRBD cows that became ketotic averaged 23% higher than 
NEFA concentrations in 0-FRBD ketotic cows. 
There were no prepartal differences in concentrations of glucose (Figure 
12). From 10 d prepartum to 14 d of lactation, concentrations of glucose 
decreased in all cows (P < .05). After d 14, glucose concentration began to 
increase in control cows, but they were decreased further in FRBD cows by the 
induction protocol (P < .01). Glucose concentrations tended to be decreased 
earlier and more extensively in N-FRBD cows than in 0-FRBD cows (P < .2); 
however, by d 42 there were no differences between N-FRBD and 0-FRBD cows. 
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Figure 12. Effect of body condition score and ketosis induction on glucose 
concentration in lactating dairy cows. Pooled standard error averaged 5.0 mg/dl. 
Dashed vertical lines at d 0 and 15 indicate parturition and start of the induction 
period, respectively. 
Low blood glucose in N-FRBD cows coincided with elevated concentrations of 
NEFA and BHBA and a steady decline in milk production. 
Average insulin and glucagon concentrations for all cows during the study 
are shown in Figure 13. Overall insulin concentration decreased from prepartum, 
reaching a nadir at d 14 postpartum, then it increased through the remainder of 
the study (linear effect, P < .0001; quadratic effect, P < .0001). Overall glucagon 
concentration averaged about half that of insulin throughout the study, and 
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Figure 13. Insulin and glucagon concentrations in dairy cows during 
early lactation. Standard errors are indicated as vertical bars about each 
mean. Dashed vertical lines are as indicated in Figure 12. 
changes in glucagon concentration were opposite to those of insulin during early 
lactation. Glucagon increased from prepartum, peaked at about 30 d, and then 
decreased through the remainder of the study (linear effect, P < .0001 ; quadratic 
effect, P < .0001). Individual prepartum insulin and glucagon concentrations 
were positively correlated R=.57 (P < .02). 
Previous reports have found elevated insulin concentrations in obese cows 
(Fronk et a!., 1980; Reid et al., 1986) and obese heifers (Wiltrout and Satter, 1971) 
before calving. Obese cows in our study had numerically higher insulin 
65 
concentrations before calving, however, the difference was not significant (Figure 
14A), Insulin concentration at d 35 was greater in obese cows than in cows of 
normal body condition (P < .001). In addition, at d 28 insulin concentration was 
decreased in FRBD cows (P < .0001), as was the INS:GLN during the induction 
period (P < .0001). Increased insulin concentrations in obese cows prepartum 
and during the induction period would favor lipogenesis (Vernon, 1980), which 
may explain similar concentrations of plasma NEFA observed in both groups. By 
d 42 there were no differences in insulin concentrations between groups. 
Concentrations of glucagon were similar in all groups before calving 
(Figure 14B). After calving, glucagon concentration was lower in obese cows 
compared to cows of normal body condition (P < .0001). The lower glucagon is 
consistent with increased insulin concentrations in obese cows. The FRBD 
protocol had no effect on glucagon concentration. There were no significant 
differences in the insulin to glucagon ratio (INS;GLN) prepartum (Figure 14C). At 
d 28 the INS:GLN was less for cows on the FRBD protocol (P < .0001) and 
tended to be greater in obese cows (P < .15). However, by d 42 there were no 
differences between groups. 
Liver Composition 
Overall concentrations of liver triglyceride increased during early lactation 
and peaked at about 14 d at an average of 83% above prepartum concentrations 
(Figure 15). Triglyceride concentration then declined throughout the remainder of 
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Figure 14. Effects of body condition and ketosis induction on insulin, glucagon 
and INS:GLN. Pooled standard errors averaged 23 pg/ml, 10 pg/ml, and 2. units, 
respectively. Dashed vertical lines are as in Figure 12. 
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Figure 15. Liver composition in dairy cows during early 
lactation. Pooled standard error for triglyceride and glycogen 
averaged .50% and .26%, respectively. Dashed vertical lines are as 
in Figure 9. 
the trial, but by d 63 liver triglyceride content remained an average of 18% above 
prepartum concentrations (quadratic effect, P < .12). In contrast, overall liver 
glycogen decreased from prepartum to early lactation, reached a minimum at 
approximately 7 d postpartum, 53% below prepartum concentrations. Liver 
glycogen then began to increase and by d 35 was not different from prepartum 
(quadratic, P < .16). Prepartal liver triglyceride and glycogen percentages were 
negatively correlated (P < .07, r=-.65). 
The prepartal hepatic triglyceride content In obese cows averaged 36% 
greater than that in cows of normal body condition (Figure 16A), however, the 
difference was not significant (P = .66). There also were no significant 
differences in hepatic triglyceride composition between groups during the 
adaptation period. Yet, liver triglyceride increases in N-FRBD cows during the 
adaptation period persisted throughout the induction period. Therefore, in the 
analysis of FRBD effects, triglyceride data were covariate corrected by using the 
adaptation period. There were no significant effects of body condition at calving 
or subjection to the FRBD protocol on liver triglyceride content. Reid et al. (1986) 
reported increased fatty liver in cows that were overcondition at calving. The lack 
of a similar finding in out study is consistent with the similar NEFA responses 
between obese and normal cows. 
Prepartal hepatic glycogen content tended to be elevated in cows that 
would be subjected to FRBD (P < .13), however, the differences disappeared 
after calving, and during the adaptation period there were no differences in 
hepatic glycogen between groups (Figure 16B). There were no significant effects 
of body condition at calving or subjection to FRBD on the liver glycogen 
percentage. 
The triglyceride to glycogen ratio was similar in all groups prepartum. At d 
7 it was elevated greatly in N-FRBD cows (P < .01) as a result of the increased 
liver triglyceride in this group. However, the increased ratio in N-FRBD cows had 
disappeared before the ketosis induction protocol was started. The TG:GLY ratio 
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was increased in FRBD cows soon after the induction protocol was implemented, 
and then It returned to baseline values (P < .1), 
Among cows on the FRBD protocol, prepartal liver triglyceride 
concentration averaged 1.4% of wet weight and was not different between cows 
that resisted ketosis (non-responders) versus cows that developed ketosis 
(responders). Hepatic triglyceride content in non-responders increased after 
calving and peaked at 14 d postpartum at 3.4%, then gradually decreased to 
around 2.0% by the end of the trial. This pattern of postpartal change for hepatic 
triglyceride concentration resembles that seen in control cows (Figure 16A). 
Conversely, hepatic triglyceride content increased rapidly after calving in 
responders, peaking at 4.6% at 7 d postpartum. The hepatic triglyceride content 
increased further in responders after the FRBD protocol was initiated, reaching 
5.1% at 28 d postpartum. Thus, responders and non-responders tended to differ 
in the response of hepatic triglyceride concentration to lactation (P > .1), and 
they differed significantly in their response to the FRBD protocol (P < .01), before 
displaying any outward signs of ketosis. Further, the hepatic triglyceride content 
in responders decreased slowly after 28 d, but increased again at the time of 
ketosis, reaching 8.0%. 
Prepartal concentration of liver glycogen averaged 40% higher in 
responders than in non-responders (P < .01). Liver glycogen in non-responders 
decreased after calving, reaching a low of 1.9% at 7 d postpartum, then 
increased, returning to prepartum concentrations by 28 d. Again, this pattern of 
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hepatic glycogen response to lactation resembles that seen in normal control 
cows (Figure 16B). Conversely, hepatic glycogen content decreased rapidly in 
responders in response to lactation, reaching a low of 1.3% at 7 days of lactation. 
Concentration of hepatic glycogen rebounded, but it was decreased further by 
initiation of the FRBD protocol and reached a low of 1.2% at 28 d postpartum. 
Again hepatic glycogen rebounded and averaged about 2.6% at the time of 
ketosis. 
The hepatic TG:GLY ratio for responders and non-responders to FRBD is 
shown in TABLE 5. Prepartal TG:GLY ratio was not significantly different between 
responders and non-responders. The effect of lactation on the TG:GLY ratio in 
non-responders resembled that of normal-control cows (Figure 16C). In 
responders, however, the TG:GLY ratio peaked at 7 and 21 d postpartum and 
was significantly different from non-responders at those times (P < .01). Previous 
studies that used the FRBD protocol have suggested that the TG:GLY ratio is 
very important to the development of ketosis. Drackley (1992) concluded that a 
postpartal hepatic TG:GLY ratio > 2 was necessary for induction of ketosis by the 
FRBD protocol. While the precise TG:GLY ratio that indicates susceptibility to 
ketosis remains undefined, in the present study susceptible cows had a TG;GLY 
far in excess of 2 at 7 d postpartum. Further, our data suggests that the hepatic 
TGiGLY ratio at 7 d postpartum may be used to predict the cows susceptibility to 
the FRBD protocol. While not suited for on farm applications, this index should 
provide a useful tool in future ketosis research. 
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TABLE 5. Hepatic triglyceride to glycogen ratio (TG;GLY) in 
FRBD cows that became ketotic and those that were resistant 
to ketosis\ 
Group 
Time Peripartum, d Ketotic Non-Ketotic SE 
-10 .0 .8 1.8 
7 12.8® 2.7b 1.2 
14 1.8 1.7 1.2 
21 23.8® l^b 1.6 
28 2.5 .8 1.6 
35 1.5 .7 1.4 
42 1.8 .8 1.2 
49 .0 .7 2.3 
56 3.0 1.0 1.6 
''Means in the same row with different subscripts are 
significantly different (P < .01). 
Values for ketotic and non-ketotic categories represent least 
squares means of 6 and 4 observations, respectively. 
^Pooled standard error. 
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CONCLUSIONS 
The FRBD protocol for inducing ketosis resulted in ketosis or ketonemia in 
67% of treated cows subjected to FRBD in this study. Obese cows were chosen 
within the herd from cows with a propensity for greater body condition. By using 
this guide we were able to obtain obese cows that averaged more than 90 kg 
and .6 body condition score units above control herdmates. Although body 
condition loss was greater in the obese cows after calving, their feed intake, milk 
production, energy balance, plasma NEFA, and liver composition were not 
different from cows of normal body condition. Taken together, these data 
suggest that the greater fatty acid mobilization, resulting from the increased lipid 
availability in obese cows, was not great enough to overload NEFA disposal 
mechanisms. 
Although the same proportion of 0-FRBD and N-FRBD cows developed 
subclinical or clinical ketosis, obese cows appeared to respond with smaller 
changes in blood parameters to the induction protocol, showing less dramatic 
glucose, ketone, and hepatic TG:GLY changes in response to the FRBD protocol. 
Obese cows became ketotic despite having greater concentrations of glucose, 
lower concentrations of ketones, and lower hepatic TG:GLY. Thus, although 
obese cows responded less with respect to metabolic changes induced by the 
FRBD protocol, they still were as susceptible ketosis as cows of normal body 
condition. One interpretation would be that while the obese cows responded less 
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than cows of normal body condition, they have less "metabolic flexibility" before 
ketosis occurs. One difference between cows on this experiment and those on 
the experiment of Mills et al. (Mills et al., 1986a; Mills et al., 1986b) is that those in 
the present study were overfed mostly in late lactation and the early dry period, 
whereas, in the earlier study, cows were overfed during the entire dry period. 
Differences in cows overfed up to calving versus those overfed only in the early 
dry period need to be investigated further. 
Tracing the fate of NEFA is beyond the scope of this project. However, 
our results and other published reports suggest that obese cows rely on 
increased hepatic fatty acid oxidation to metabolize NEFA. Maximal rates of 
gluconeogenesis are dependent on fatty acid oxidation, however, the supportive 
mechanism remains undefined (Chow and Jesse, 1992). Additional data from our 
study (Paper II) indicated that the rate of gluconeogenesis was correlated 
positively with fatty acid oxidation in liver tissue slices (R=.52), Thus, increased 
oxidation rates for NEFA may be supporting greater rates of gluconeogenesis, at 
least temporarily, in obese cows. 
During lactation increased glucose synthesis may be masked by the 
efficient removal of glucose by the mammary gland, and obese cows in our study 
did not show elevated glucose concentrations. In vivo and in vitro 
gluconeogenesis assays reported separately, however, showed that glucose 
synthesis and release was greater for obese cows (Paper II). In addition, the 
increase of INS:GLN, the decrease of hepatic TG:GLY, and the decrease of 
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response to FRBD suggest that gluconeogenesis was greater in obese cows. 
NEFA oxidation has the additional effect of decreasing the redox potential 
of hepatocyte mitochondria, resulting from the production of NADH. Indeed, 
obese cows had an increased BHBA:ACAC during early lactation, an indication of 
a more reduced hepatic mitochondria. Ketogenesis, the incomplete oxidation of 
fatty acids, may then represent a mechanism to decrease the hepatic production 
of reducing potentials by shifting the final stages of fatty acid oxidation to 
extrahepatic tissues. Ketone concentrations were not greater in obese cows. In 
fact, response to the FRBD protocol was greater in cows of normal body 
condition, which suggests that ketone metabolism by extra-hepatic tissues was 
greater in obese cows. 
Reliance on hepatic oxidation to remove excess NEFA may support 
increased gluconeogenesis, but it also comes at a price, i.e. increased flux of 
ketones. In the present study obese cows became ketotic despite the lower 
hepatic TG;GLY, lower ketone concentrations, and greater INS:GLN. These 
results are not in agreement with our hypothesis that obese cows would have 
increased lipolysis, an increased TG:GLY ratio, and increased ketone 
concentrations. However, they suggest that obese cows are in a delicate 
metabolic balance during early lactation and are still highly susceptible to 
developing ketosis from any metabolic disturbance, including the FRBD protocol. 
76 
REFERENCES 
Amaral, D.M. 1988. Metabolic effects associated witti changes in the availability of 
glucose for lactating dairy cows. PH.D. dissertation. Iowa State University, 
Order No. 88-25897. Univ. Microfilms, Ann Arbor, Ml. 
Bowden, D. M. 1971. Non-esterified fatty acids and ketone bodies in blood as 
indicators of nutritional status in ruminants; a review. Can. J. Anim. Sci. 
51:1. 
Chow, J. C., and B. W. Jesse. 1992. Interactions between gluconeogenesis and 
fatty acid oxidation in isolated sheep hepatocytes. J. Dairy Sci. 75:2142. 
Drackley, J. K., M. J. Richard, D. C. Beitz, and J. W. Young. 1992. Metabolic 
changes in dairy cows with ketonemia in response to feed restriction and 
dietary 1,3-butanediol. J. Dairy Sci. 75:1622. 
Drackley, J. K., J. J. Veenhuizen, M. J. Richard, and J. W; Young. 1991. Metabolic 
changes in blood and liver of dairy cows during either feed restriction or 
administration of 1,3-butanediol. J, Dairy Sci. 74:4254. 
Edmonson, A. J., I. J. Lean, L. D. Weaver, T. Farver, and G. Webster. 1989. A 
body condition scoring chart for Holstein dairy cows. J. Dairy Sci. 72:68. 
Elsasser, T. H., A. C. Hammond, T. S. Rumsey, and R. Fayer. 1986. Perturbed 
metabolism and hormonal profiles in calves infected with Sarcocvstis cruzi. 
Domest. Anim. Endocrinol. 3:277. 
Ford, E. J. H. 1959. Metabolic changes in cattle near the time of parturition. I. 
hepatic fat and alkaline phosphatase activity of liver homogenates. J. 
Comp. Path. 69:20. 
Ford, E. J. H., and J. W. Boyd. 1960. Some observations on bovine acetonemia. 
Res. Vet. Sci. 1:232. 
Fronk, T. J., L H. Schultz, and A. R. Hardie. 1980. Effect of dry period 
over-conditioning on subsequent metabolic disorders and performance of 
dairy cows. J. Dairy Sci. 63:1080. 
Grohn, Y., and L A. Lindberg. 1985. Ultrastructural changes of the liver in 
spontaneously ketotic cows. J. Comp. Path. 95:443. 
77 
Hartmann, P. E., and A. K. Lascelles. 1965. Variation in the concentration of lipids 
and some other constituents in the blood plasma of cows at various stages 
of lactation. Aust. J. Biol. Sci. 18:114. 
Herbein, J. H., R. J. Aiello, L. I. Echler, R. E. Pearson, and R. M. Akers. 1985. 
Glucagon, insulin, growth hormone, and glucose concentrations in blood 
plasma of lactating dairy cows. J. Dairy Sci. 68:320. 
Hughes, J. P. 1962. A simplified instrument for obtaining liver biopsies in cattle. 
Am. J. Vet. Res. 23:1111. 
Kronfeld, D. S., M. G. Slmesen, and D. L. Dungworth. 1960. Liver glycogen in 
normal and ketotic cows. Res. Vet. Sci. 11:242. 
McCutcheon, S. N., and D. E. Bauman. 1986. Effect of chronic growth hormone 
treatment on response to epinephrine and thyrotropin-releasing hormone in 
lactating cows. J. Dairy Sci. 69:44. 
McNamara, J. P., M. Azain, T. R. Kasser, and R. J. Martin. 1982. Lipoprotein 
lipase and lipid metabolism in muscle and adipose tissue of zucker rats. 
Am. J. Physiol, 243, R258. 
Mills, S. E., D. C. Beitz, and J. W. Young. 1986a. Evidence of impaired 
metabolism in liver during induced lactation ketosis of dairy cows. J. Dairy 
Sci. 69:362. 
Mills, S. E., D. C. Beitz, and J. W. Young. 1986b. Characterization of metabolic 
changes during a protocol for inducing lactation ketosis in dairy cows. J. 
Dairy Sci. 69:352. 
NRC. 1988. Nutrient requirements of dairy cattle. 6th ed. National Academy Press, 
Washington,D.C. 
Reid, I. M., and R. A. Collins. 1991. The pathology of post-parturient fatty livers in 
high-yielding dairy cows. Invest. Cell Pathol. 3:237. 
Reid, I. M., R. A. Collins, G. D. Baird, C. J. Roberts, and H. W. Symonds. 1979. 
Lipid production rates and the pathogenesis of fatty liver in fasted cows. J. 
Agric. Sci. ,Camb. 93:253. 
Reid, I, M., R. D. Harrison, and R. A. Collins. 1977. Fasting and refeeding in the 
lactating dairy cow. 2. the recovery of the liver cell structure and function 
following a six-day fast. J. Comp. Path. 87:253. 
78 
Reid, I. M., C. J. Roberts, R. J. Treacher, and L. A. Williams. 1986. Effect of body 
condition at calving on tissue mobilization, development of fatty liver and 
blood chemistry of dairy cows. Anim. Prod. 43:7. 
Saarinen, P., and J. C. Shaw. 1950. Studies on ketosis in dairy cattle. XIII. Lipids 
and ascorbic acid in liver and adrenals of cows with spontaneous and 
fasting ketosis. J. Dairy Sci. 33:515. 
Somogyi, M. 1945. Determination of blood sugar. J. Biol. Chem. 160:69. 
Treacher, R. J., I. M. Reid, and C. J. Roberts. 1986. Effect of body condition at 
calving on the health and performance of dairy cows. Anim. Prod. 43:1. 
Tyrrell, H. F., and J. T. Reid. 1965. Prediction of the energy value of cow's milk. J. 
Dairy Sci. 48:1215. 
Veenhuizen, J. J., J. K. Drackley, M. J. Richard, T. P. Sanderson, L. D. Miller, and 
J. W. Young. 1991. Metabolic changes in blood and liver during 
development and early treatment of experimental fatty liver and ketosis in 
cows. J. Dairy Sci. 74:4238. 
Vernon, R. G. 1980. Lipid metabolism in the adipose tissue of ruminant animals. 
Prog. Lipid Res. 19:23. 
Wildman, E. E., G. M. Jones, P. E. Wagner, R. L. Bowman, H. F. Troutt, and T. N. 
Lesch. 1982. A dairy cow body condition scoring system and its 
relationship to selected production parameters. J. Dairy Sci. 65:495. 
Williamson, D.H., and J. Mellanby. 1974. D-(-)-3-hydroxybutyrate. H.U. Bergmeyer 
(Ed.). p 1836. Academic Press, London, UK. 
Wiltrout, D. W., and L. D. Satter. 1971. Contribution of propionate to glucose 
synthesis in the lactating and nonlactating cow. J. Dairy Sci. 55:307. 
79 
PAPER II. IN VIVO AND IN VITRO MEASURES OF GLUCONEOGENESIS IN 
NORMAL AND OBESE DAIRY COWS DURING 
DEVELOPMENT OF KETOSIS 
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ABSTRACT 
Twenty four muciparous Holstein cows were used in a 2 x 2 factorial to 
study effects of body condition at calving and a ketosis induction protocol on in 
vivo and in vitro gluconeogenesis both during prepartal and early lactation. In 
vivo gluconeogenesis was assayed by quantifying propionate removal and 
glucose appearance after a bolus injection of propionate. After intravenous 
injections of propionate, plasma propionate concentration increased 20 fold 
above baseline by 5 min. Propionate concentrations then decreased and 
returned to baseline within 40 min. Plasma glucose increased after the 
propionate injection, however, the appearance of glucose after a propionate bolus 
was poorly correlated with the removal of propionate. Maximal glucose response 
averaged 21% above baseline at 40 min, then decreased, but remained above 
baseline through 120 min. Propionate removal was decreased at 12 d of 
lactation, but it was not different from prepartal rates at any other time up to 40 d 
postpartum. Similarly, glucose appearance was decreased at 12 d, and the 
decreased response persisted through 26 d. Propionate disappearance was not 
affected by obesity but it was decreased in cows that were induced into ketosis. 
The time of the maximal glucose response was, however, delayed in cows that 
were obese at calving. In addition, the maximal glucose response was decreased 
in cows subjected to the ketosis induction protocol. 
In vitro gluconeogenesis was assayed by incubating liver slices with 
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propionate as the substrate. Glucose release from liver slices increased from 12 
d prepartum to 21 d of lactation, and then decreased slightly before continuing to 
increase through 40 d postpartum. In vitro gluconeogenesis was not affected by 
obesity at calving, but was decreased in cows subjected to the ketosis induction 
protocol. Obese cows subjected to the ketosis induction protocol developed 
ketosis, despite having in vitro gluconeogenic rates greater that those of control 
cows. Thus, despite having higher rates of gluconeogenesis, obese cows were 
susceptible to developing ketosis, whereas, normal cows became susceptible to 
ketosis after gluconeogenesis was decreased by the induction of fatty liver. 
82 
INTRODUCTION 
Only limited quantities of dietary glucose are absorbed in ruminants 
(Wieghart et al., 1986). In dairy cows, most of the glucose requirement for 
lactose synthesis and tissue maintenance is supplied by hepatic 
gluconeogenesis. Hepatic gluconeogenic capacity can be decreased, however, 
in various physiological states, and decreased gluconeogenesis may be a 
compounding factor to several diseases. Intravenous propionate challenges have 
been proposed as a sensitive diagnostic evaluation of liver function (Grohn, 1985; 
Grohn et al., 1985; Bruss et al., 1986) and have been suggested to have 
numerous advantages over the more common bromosulfophenylthalein test for 
liver function (Grohn et al., 1985). 
Propionate, derived primarily from microbial fermentation in the rumen, is 
removed from blood by the liver (Baird et al., 1980). Propionate is metabolized in 
liver mitochondria via 3-methylmalonyl-CoA to succinyl-CoA, where it enters the 
citric acid cycle. Whereas propionate may be oxidized to COg, when given in 
excess of hepatocyte requirements its major metabolic fate in liver is to undergo 
gluconeogenesis for subsequent export to extrahepatic tissues as glucose. 
Propionate accounts for a major source of glucose in ruminants (Aiello et al., 
1984; Wiltrout and Satter, 1971). Thus, in addition to its diagnostic usefulness, 
the propionate loading assay may provide a valuable research tool for 
determining the etiology of ketosis and fatty liver in ruminants. 
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Spontaneous ketosis is a metabolic disease that affects dairy cows during 
early lactation (Lean et al., 1991; Lean et al., 1992; Young et al., 1992). 
Symptoms of ketosis include decreases in milk production, feed intake, and 
blood glucose concentrations, as well as increases in non-esterified fatty acid and 
ketone concentrations in blood and urine. In addition, ketosis has been 
associated with development of fatty liver (Drackley et al., 1992; Young et al., 
1992) and with decreased liver function (Mills et al., 1986a), including decreased 
hepatic gluconeogenesis (Grohn, 1985; Veenhuizen et al., 1991; Mills et al., 
1986a). The etiology of "on farm" spontaneous ketosis remains poorly 
characterized, however, primarily because its unpredictable and low frequency of 
occurrence makes ketosis difficult to study. Feed restriction and 1,3-butanediol 
(BD), a ketone precursor, have been used to induce an experimental ketosis in 
lactating dairy cows that serves as a model for spontaneous ketosis (Mills et al., 
1986b; Veenhuizen et al., 1991). By using this technique, Drackley et al. (1992) 
showed that development of fatty liver preceded the onset of ketosis and was 
necessary for induction of ketosis. 
Fat content of liver normally increases during early lactation and then 
decreases around 3-4 wk postpartum (Lee et al., 1990; Chenzion et al., 1992; 
Reid and Roberts, 1982). The extent of fatty liver development is dependent 
upon many factors; including feed intake, dietary energy density, and body 
condition at calving (Reid et al., 1986; Bertics et al., 1992). In fact, cows with 
excess body fat are more susceptible to development of several metabolic 
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diseases such as fat-cow syndrome, fatty liver, and ketosis (Morrow, 1976; 
Treacher et al., 1986). Hepatic triacylglycerol deposits originate in the pericentral 
region of the liver acinus and radiate outward as hepatic triacylglycerol content 
increases. Within hepatocytes, lipid droplets displace cytoplasm and decrease 
cellular function. Pericentral hepatocytes are the site of hepatic gluconeogenesis. 
Thus, development of fatty liver may be responsible for decreasing hepatic 
gluconeogenic capacity during ketosis. 
The overall objective of this project was to determine the effect of body 
condition of dairy cows at calving on susceptibility to induction of ketosis. It was 
our hypothesis that cows obese at calving would be more susceptible to 
development of fatty liver and ketosis when given the FRBD protocol for inducing 
ketosis. The specific objective was to characterize hepatic glucogenic capacity 
during the development of ketosis by using in vivo and in vitro gluconeogenesis 
assays. 
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MATERIALS AND METHODS 
Animals 
Details of the experimental design and cows used have been described 
(Paper I). Briefly, 24 muciparous Holstein cows were assigned to one of four 
treatment groups, and 19 of the cows completed the trial. Body condition of 
cows was monitored near the end of their preceding lactation by using a modified 
Virginia system (Wildman et al., 1982; Edmonson et al., 1989). Two categories of 
cows were selected on the basis of their predicted body condition scores at 
calving. Cows expected to calve with a body condition around 4.0 or below were 
assigned to the normal category and were fed to maintain their body condition 
during the subsequent dry period. Cows with a body condition score greater 
than 4.0 were assigned to the obese category and were fed to calve with an 
average body condition score of 4.5. Adjustments in body condition were made 
during the last few weeks of lactation and up to 3 wk into the dry period. Half of 
the normal cows an half of the obese cows were randomly assigned to begin a 
feed restriction plus dietary 1,3-butanediol protocol (FRBD) at 14 d after calving. 
Thus, there were four groups: normal control cows (NC), normal cows subjected 
to FRBD (N-FRBD), obese control cows (OC), and obese cows subjected to 
FRBD (0-FRBD). 
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Diets 
Details of the basal diet and supplement fed during the dry period have 
been published already (Paper I). Cows were fed a diet based on oat hay during 
the dry period (Paper I; TABLE 1) and supplemented at up to 20% above 
maintenance requirements during the first 3 wk of the dry period if increases in 
body condition were desired. 
Details of the FRBD ketosis induction protocol also have been described 
(Mills et al., 1986b; Veenhuizen et al., 1991). Briefly, cows were assigned 
randomly into control or ketosis induction groups before calving. Cows were fed 
the control diet through 14 d after parturition, and feed intake of cows in the two 
FRBD groups were monitored on d 10 to 14. After d 14, cows in the control 
group continued to receive the control diet, while those in the two ketosis 
induction groups were restricted to 80% of previous dry matter intake and given 
1,3-butanediol in their ration. 1,3-Butanediol in the ration was increased gradually 
over the next 4 d until it accounted for 7% of the dry matter intake. Thus, the four 
treatments were arranged in a 2 x 2 factorial design with body condition at 
calving and dietary treatment being the two major factors. 
In Vivo Gluconeogenesis 
Bolus injections of propionate were performed at 12 d prepartum and at 
12, 26, and 40 d postpartum as an in vivo estimate of relative gluconeogenic 
capacity. Cows were fitted with an indwelling jugular catheter 1 d prior to each 
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injection. Heparinized .9% NaCi (192 U/ml) was used to keep catheters patent. 
An initial blood sample was taken; then, a bolus of sodium propionate (4 M; pH 
7.4) was injected at 2.5 mmol/kg of body weight over approximately 2 minutes by 
using a Harvard infusion pump^. A timer was started when half the volume had 
been infused, and blood samples were taken at 5, 10, 15, 25, 40, 60, 80, 100, and 
120 min after the injection. Plasma concentrations of glucose, acetate, and 
propionate were assayed from blood samples collected after the propionate 
injection. 
In Vitro Gluconeogenesis 
Liver biopsies were taken at 10 d prepartum and at 7, 14,21, 28, 35, 42, 
49, and 63 d postpartum, according to the procedure described in Paper I. A 
portion of the liver sample was immediately placed into ice-cold solution of 
phosphate-buffered (.015 M) .9% NaCI (pH 7.4) and used for in vitro metabolic 
studies within 1.5 h. Samples of liver were sliced, rinsed, blotted, and weighed 
before incubation. Apparent hepatic gluconeogenic capacity was estimated as 
glucose released from liver slices incubated in vitro with '^^ C-propionate. The 
incubation procedure has been previously described (Drackley et al., 1991a). 
Liver slices of 80 to 
^Harvard Apparatus, South Natick, MA, model #1215. 
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100 mg were placed in incubation flasks containing 2-^^C-propionate^ (10 pmol; 
.1 pCi/mmol) and Ca++ (2 mM) in 3.1 ml of Krebs-Henseleit bicarbonate buffer 
(Laser, 1961) at pH 7.4. Triplicate blank incubations were terminated immediately 
upon addition of tissue with injection of .5 ml of 10% (wt/vol) perchloric acid. 
Triplicate active incubations were terminated after incubating for 2 h at 37°C with 
constant movement. 
Radiolabelled COg was collected from wells placed within each flask and 
quantified (Drackley et al., 1991a). Acidified media were processed (Mills et al.. 
1984) after addition of ®H-glucose as an internal marker. 
Assay Procedures 
Glucose was quantified by using glucose oxidase®. Volatile fatty acids 
were quantified on a Varlan gas chromatograph'^  fitted with a Nukof^ fused 
silica capillary column® and flame ionization detector. The chromatograph oven 
was programmed to hold the starting temperature of 143°C for 1.5 min, increase 
to 165°C at 15°/min, and then hold at 165° for 30 sec. 
Plasma acetate and propionate were extracted from 1 ml of plasma, which 
^Du Pont, NEN® Research Products, Boston, MA 
^Sigma Chemical Company, St. Louis, MO, Trinder kit #315-500. 
^Varian Instruments, Park Ridge, 111. 
®Supelco, Inc., Bellefonte, PA, column #2-4106. 
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had been pipetted into ice cold extraction tubes along with 100 ^1 of 2-methyl 
butyrate (1.966 ng/jxl) as an internal standard and .5 ml of 2 N HCI. Ice cold 
diethyl ether (20 ml) was added to the samples, and the tubes were vortexed for 
30 sec. Samples then were centrifuged at 5200 x g for 10 min. The aqueous 
fraction was frozen by dipping the bottom third of the extraction tube into liquid 
nitrogen for 30 sec and the organic fraction was decanted from the top into a 
conical extraction tube. Acetic and propionic acids were extracted from the 
organic fraction by adding .5 ml of .5 N NaOH. Once vortexed, the aqueous 
fraction was allowed to separate and then was pipetted from under the organic 
layer with a minimum of the ether. The extraction was repeated by adding .5 ml 
of deionized HgO to the ether fraction and then removing it. Aqueous fractions 
were combined and residual ether was removed by air drying the samples 
overnight. Samples then were capped and stored frozen while awaiting analysis. 
Stock solutions of acetate (3.147 ng/ml), propionate (1.986 jig/ml), and 
2-methylbutyrate (1.862 iig/ml) were prepared at pH 10 with NaOH to minimize 
volatilization during storage. Standards then were prepared by mixing stock 
solutions (TABLE 1). 
Samples were thawed and brought to around pH 2.2±.2 with 80 pi of 90% 
formic acid just before analysis. The final sample volume was measured by 
drawing it into a 1 ml syringe. Standards were adjusted to below pH 2.0 with 80 
jil of formic acid. It was necessary to add the same amount of formic acid to all 
samples and standards because both acetate and propionate were found in most 
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TABLE 1. Concentration of volatile fatty acids within each standard. 
Standards 
Fatty Acid 0 2 3 
Acetate 
Propionate 
3-Methyl butyrate 
ng/ml 
0 .078 .150 .236 
0 .397 1.190 .595 
0 .196 .390 .098 
sources formic acid. The pH of standards then was increased to around 2.2±.2 
with NaOH, and the volume was adjusted to 1.0 ml with deionized water. 
Recovery of 2-methyl butyrate, the internal marker, averaged 74,03 ± .96% 
in 896 samples assayed. The interassay variations for acetate and propionate 
averaged 9.3% and 10.0% , respectively, and the intraassay variations averaged 
15.2% and 12.5%, respectively. 
Prior to modeling propionate disappearance, baseline (Tg) concentrations 
were subtracted from all observations. Peters and Elliot (1984) validated this data 
correction practice by sham-infusing cows with saline while using a similar 
technique. They found no significant changes in concentrations of blood glucose, 
propionate, or acetate associated with the sham injections. The time after 
injection also was corrected by subtracting 1 min from the time of each 
observation. Thus, the time of each observation related to the end of the 
Statistical Analysis 
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propionate injection. Propionate disappearance curves then were fit to a single 
exponential model (Shipley and Clark, 1972) by using the SAS nonlinear 
regression procedure (SAS/STAT, 1988). The formula for the model was: 
propionate = x exp(b2 x time), where b^ is the maximal plasma concentration 
of propionate (PROP^^a^) immediately after the injection was completed and bg is 
the fractional clearance (i.e., turnover constant), the fraction of propionate cleared 
from the plasma per minute. 
Propionate disappearance curves were characterized by using the 
following calculations: 1) The maximal propionate concentration (PROP^^^), 2) 
The maximal slope of disappearance curves (SLOPE^g^) was calculated by using 
the formula SLOPE^g^ = -bg, 3) The total area under the disappearance curve 
(AREAjota,) was calculated by using the formula AREA^g^g, = b1/(-b2), 4) The 
cumulative area under the curve after the first 10 min (AREA^g), 5) The time at 
which the cumulative area under the curve equaled 95% of the calculated 
AREAfQtai was used to estimate the time of return to baseline (RETURN^j^g), and 
6) Propionate half life (PROP T^) was calculated by using the formula PROP Ty^ 
= Ln2/-b2. The appearance of glucose was characterized by the maximal 
concentration (GLC^g^)' time of maximal concentration (Peak time), and area 
under the response curve (GLCg^gJ. 
Data were analyzed as 2 by 2 factorial split plot in time by using SAS GLM 
(SAS/STAT, 1988). The main effects were body condition at calving and dietary 
treatment, and the subplot effect was the time peripartum. Observations from d 
92 
21 and 40 were used for analysis of the effects of diet, and all observations were 
used for analysis of the effects of body condition at calving. 
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RESULTS AND DISCUSSION 
Propionate Injections 
Before propionate injections "baseline" concentrations of glucose, acetate, 
and propionate in plasma averaged 63.3 mg/dl, 7.6 mg/dl, and 6.7 mg/dl, 
respectively. Preinjection glucose and acetate concentrations are similar to 
literature values for dairy cows (Williams and Elliot, 1980); however, the 
preinjection concentration of propionate was greater than commonly reported in 
bovine plasma (Williams and Elliot, 1980; Peters and Elliot, 1984). The 
discrepancy in preinjection propionate concentrations probably represents the 
lower level of sensitivity with in the assay used. The preinjection concentrations, 
however, represent less than 1 % of peak propionate concentrations after the 
infusion. Thus, the preinjection propionate concentrations were subtracted from 
all propionate observations after the infusion. Preinjection plasma acetate 
concentration varied throughout the trial (TABLE 2). In addition, the preinjection 
concentration of glucose was decreased at 26 and 40 d of lactation (P < .05). 
Preinjection glucose concentration was highest prepartum and lowest at 26 d 
postpartum. 
The rate of propionate entry was enhanced over 35-fold by the bolus 
injection, assuming a rumen propionate production of 31 moles/d (Bauman et al., 
1971) and minimal propionate metabolism by the rumen wall (Elliot, 1980). The 
most common reaction associated with a propionate injection has been a 
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TABLE 2. Effects of stage of lactation on concentrations of plasma glucose, acetate, 
and propionate before intravenous Infusion of propionate in Holstein cows. 
Plasma component 
Days peripartum 
SE -12 12 26 40 
Glucose, mg/dl 70.8® 64.3®'b 58.8'' 60.2'' 2.5 
Propionate, mg/dl 7.5 6.1 5.9 7.3 1.3 
Acetate, mg/dl 6.1® 7.3®''' 9.6^ 7.5®" 1.1 
®"''f^eans in the same row with different superscripts are different (P < .05). 
transient tacopenia (Grohn et al., 1987; Bruss et al., 1986). In our experience, 
respiration was increased slightly during the injection; there were, however, no 
other reactions that could be associated with the propionate injections. 
Propionate Disappearance 
Overall responses of acetate and propionate to the propionate injections 
are shown in Figure 1. Propionate increased from preinjection and peaked at the 
4 min observation, which was an average of 135 mg/dl (14.0 mM) above baseline. 
Maximal propionate concentrations averaged 20 fold above baseline. Propionate 
concentration then decreased rapidly, and at 40 min was not significantly different 
from the baseline. 
Natural logarithm transformation of the average change in propionate 
concentration (Figure 2) resulted in a straight line (r=.995) through 60 min. 
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Figure 1, Average change in plasma acetate and propionate concentrations 
from baseline (TABLE 2) in response to an intravenous propionate bolus in dairy 
cows from -12 to 40 d peripartum. Vertical bars indicate pooled standard error of 
each observation. An asterisk indicates a significant difference from baseline 
concentrations (P < .05). 
Semilogarithmic transformation of data from individual injections were used to 
calculate the PROP^gj^ at time = 0 and the PROP T^. Overall characteristics of 
intravenous propionate disappearance are shown in Table 3. Propionate 
disappearance data from the present study are similar to those from previous 
reports of propionate bolus injections in lactating (Corse and Elliot, 1970) and 
nonlactating dairy cows (Bruss et al., 1986; Grohn et al., 1987), and in sheep 
(Grohn et al., 1985) given a proportional dose. 
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Grohn et al. (1987) used linear regression of excess plasma propionate 
concentrations to estimate a PROP^g^ of ,864 ± .086 mg/ml in nonlactating 
Holstein cows given a bolus propionate injection of 3 mmol/kg. At this dose, 
renal propionate losses averaged 2.2% of the administered dose. Thus, they 
concluded that this PROP^g^ concentration approximated the renal threshold for 
propionate. The propionate dose used in the present study was 85% of the 
highest dose used in the aforementioned study, and the entry rates were similar 
between these two studies. In the present study, however, PROP^^^ averaged 
0.5 
0.0 cn 
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-1.0 
-1.5 
c -2.0 
c —2.5 
« -3.0 
-5.0 
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Figure 2. Natural logarithm transformation of the average change in 
propionate concentration from baseline (TABLE 2) in response to an intravenous 
propionate bolus in dairy cows from -12 to 40 d peripartum. 
97 
TABLE 3. Overall characteristics of propionate disappearance after an 
intravenous injection of a propionate bolus in Holstein cows prepartum 
and through 40 d postpartum^. 
Variable^ Mean SE 
PROP^ax' mg/ml 3.13 .53 
SLOPE^a^, mg/(ml x min) .138 .011 
AREAtotai. (mg X min)/ml 19.1 1.2 
AREA^O' ('TIS X min)/ml 13.5 1.3 
PROP Ty^, min 9.66 .50 
TIME^eturn (^1") 31.3 2.1 
^ Least squares means are from infusions performed at -12,12,26, 
and 40 d peripartum. 
^Characteristics of disappearance include maximal concentration 
(PROP^ax)' iTiaximal slope (SLOPE^g^), total area (AREAj^tai). area after 
10 minutes (AREA^q)- half live (PROP Ty), and time to return to baseline 
(TIWEreturn)-
above the renal threshold for propionate estimated by Grohn et al. (1987). This 
apparent discrepancy may represent a difference in sampling times between the 
two studies. Urinary propionate losses were not measured in the present study. 
The difference in PROP^g '^ however, did not affect subsequent calculations used 
to summarize the propionate disappearance curves (TABLE 3). The propionate 
distribution volume, calculated from the average PROP^^gx concentration by using 
semilogarithmic regression, averaged .197 ± .012 L/kg body weight and agreed 
well with that calculated by Grohn et al. (1987) at their highest dose. 
Acetate concentration also increased in response to propionate bolus 
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injections, albeit the increase was much less than for propionate (Figure 1). 
Overall, acetate concentration peaked between 5 and 10 min postinjection at an 
average of 49% above baseline and then it decreased; acetate concentration was 
not different from baseline at 25 min postinjection. The Increase in acetate after 
injection of a propionate bolus has been noted previously in ruminants (Peters 
and Elliot, 1984; Pennington and Appleton, 1958; Corse, 1988; Rickard, 1979). 
Our paper, however, will focus on propionate disappearance and the 
appearance of glucose. 
There was a significant effect of parity ( P < .05) on the PROP^g '^ which 
was greatest in second lactation cows (4.33 mg/dl) and decreased to 2.42 and 
1.84 mg/dl in third and fourth lactation cows, respectively. Because of this parity 
effect, parity was used as a covariate in subsequent statistical analyses. 
Propionate disappearance for normal control cows also differed with days 
peripartum (Figure 3). Maximal propionate concentrations averaged 168% 
greater at d 12 than at day peripartum (P < .05). With the increased PROP^g^ at 
d 12, there was a concomitant increase in AREAj^j^i and AREA^g, which averaged 
30% and 55% greater than those at prepartum, respectively (P < .10). In 
addition, the propionate SLOPE^^g^ was greater (P < .10) at 12 d postpartum 
than at 12 d prepartum. The propionate TIME^gj^^^, however, was not affected by 
the days peripartum. After 12 d postpartum, propionate AREAj^jg, dropped below 
prepartum values and was numerically lowest at 40 d; however, AREAj^jg, was not 
significantly different from prepartum. 
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Corse and Elliot (1970) reported that propionate clearance was greater at 
3 and 12 wk postpartum than during the dry period. In addition to agreeing with 
their findings, our data show a decreased propionate clearance at 12 d 
postpartum that coincides with increases in plasma non-esterified fatty acids 
(NEFA). There is also a transient increase in liver triacylglycerol common to this 
stage of lactation. Thus, development of fatty liver may be a causative agent in 
decreasing propionate disappearance at 12 d postpartum. 
In published studies where the FRBD model was used, fatty liver resulted 
Days Perîpartum 
—I 1 
20 30 
Time (min) 
10  40 
I 
50 60 
Figure 3. Effect of days peripartum on change in plasma propionate 
concentration from baseline (TABLE 2) in response to an intravenous propionate 
bolus in dairy cows of normal body condition fed the control diet. 
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from progressive lipid accumulation and hepatocyte swelling, beginning at the 
pericentral region and radiating outward to the periportal region (Veenhuizen et 
al., 1991). Portal vein blood pressure and hepatic blood flow are decreased in 
people with fatty liver (Leevy, 1962). It is not known if a decrease in hepatic 
blood flow is associated with ketosis induced by FRBD. Decreased hepatic blood 
flow, however, would have minimal effects on the early part of the disappearance 
curve when propionate removal mechanisms were near saturation. At lower 
propionate concentrations, effects of decreased blood flow would become more 
pronounced, and propionate delivery to the liver could be the limiting factor in its 
disappearance. 
There was no overall effect of obesity at calving or of the FRBD protocol 
on the disappearance of propionate. However, propionate disappearance from 
blood of FRBD cows that became ketotic or ketonemic differed from non-ketotic 
cows (TABLE 4). The AREA^q of ketotic cows was significantly less than that of 
cows that did not become ketotic (P < .08). The PROP^g^ and AREA^g^g, area 
also tended to be less in cows that became ketotic than in cows that showed no 
signs of ketosis (P < .13 and P < .14, respectively). In addition, the SLOPE^^g^ 
was 72% greater in nonketotic cows than in those that became ketotic; however, 
the difference was not significant (P < .2). These in vivo data are in agreement 
with previous studies that suggest propionate conversion to glucose is decreased 
in cows that become ketotic with FRBD (Mills et al., 1986a). 
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TABLE 4. Characteristics of propionate disappearance after an intravenous 
injection of a propionate bolus in cows fed the FRBD diet that became 
ketotic or that remained non-ketotic^. 
Variable^ Non-ketotic Ketotic SE^ 
ProPmax' "19/ml 4.0 1.7 1.2 
SLOPE^ax' n^9/(ml x min) .16 .11 .04 
AREAtQtai, (mg x ml)/min 20.2 16.6 3,1 
AREA^q, (mg x ml)/min 15.6® CO 2.9 
PROP Ty^, min 5.9 8.5 1.1 
TIMEreturn' 26.7 38.0 6.9 
^ Least squares means of infusions on d 26 and 40. 
^Variables were defined in Table 3. 
^Pooled standard error. 
^•''Means in the same row with different subscripts are different (P < 
.1). 
Glucose Response 
Overall plasma glucose response to the propionate bolus injection is 
shown in Figure 4. Plasma glucose concentration increased in response to the 
infused propionate, peaked between 40 and 60 min, and then decreased but 
remained above the baseline throughout the 120 min sampling period. The 
maximal increase in glucose concentration (GLC^gy) averaged 13.8 ± 2.7 mg/dl 
which and was below that found in previous studies. Grohn et al, (1987) found 
GLC^ax concentrations of 31 mg/dl in nonlactating dairy cows given a propionate 
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dose of 3 mmol/kg. Bruss et al. (1986) studied glucose concentrations in 
nonlactating, nonpregnant Holstein dairy cows after a propionate bolus dose of 3 
mmol/kg body weight. They reported that plasma GLC^gx reached 58.6 mg/dl in 
fed cows and 35.31 mg/dl in cows that were fasted for 6 d. 
The glucose response to a propionate challenge is also dependent on the 
stage of lactation. Corse and Elliot (1970) performed propionate challenges in 
Holstein cows during the dry period and subsequent lactation. Using a dosage 
of 3 mmol/kg body weight, they reported GLC^g^ concentrations of 51.9, 37.3, 
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Figure 4. Average change in plasma glucose concentration from baseline 
(TABLE 2) in response to an intravenous propionate bolus in dairy cows from -12 
to 40 d peripartum. Vertical bars indicate the standard error of each observation. 
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and 50.0 mg/dl at -21, 21 and 120 d peripartum, respectively. Similarly, in the 
present study the glucose response differed (P < .01) with days peripartum 
(Figure 5). The characteristics of glucose concentration curves performed 
prepartum and during early lactation are shown in Table 5. The magnitude of the 
GLC^gx in the present study was, however, less than that reported by Corse & 
Elliot (1970). This discrepancy may be a result both or the lower propionate 
dosage used in our study and of the FRBD protocol. 
In the present study, the magnitude of the glucose response, as measured 
by the GLC^g^ and area under the glucose curve (GLCg^gg), was affected by 
days peripartum. Maximal glucose response decreased from 12 d prepartum to 
12 d of lactation (P < .01). After d 12, the GLC^g^ increased and at 40 d of 
lactation it was not different from that at prepartum (P > .25). Similarly, GLC^^gg 
decreased from d 12 prepartum to 12 d of lactation (P < .05); then GLCg^gg 
increased throughout the remainder of the study and at 40 d was not different 
from that at 12 d prepartum (P > .25). The time of GLC^g^ was, however, not 
affected by the stage of lactation. Thus, the present study confirms the findings 
of decreased glucose response to a propionate challenge during early lactation 
that was reported by Corse and Elliot, (1970). Further, these data are in 
agreement with previous reports of decreased hepatic gluconeogenesis in dairy 
cows during the first 2 wk of lactation (Aieilo et al., 1984; Drackley et al., 1991b). 
Propionate disappearance did not correlate well with appearance of 
glucose after a propionate injection. The major tissue that metabolizes 
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Figure 5. Effect of days peripartum on change in plasma glucose 
concentration from baseline (TABLE 2) in response to an intravenous propionate 
bolus in dairy cows. Pooled standard error averaged 1.4 mg/dl. 
propionate is assumed to be the liver; however, propionate also is extracted from 
blood by other tissues, including the mammary gland (Williams and Elliot, 1980). 
There are no reports on the kinetics of extrahepatic propionate extraction at the 
concentrations achieved during these propionate challenges. Yet, propionate 
removal by extrahepatic tissues may, in part, explain the simultaneous decrease 
in both propionate and glucose responses during lactation, despite evidence that 
the hepatic extraction was impaired. 
The glucose response to the propionate challenge was affected by body 
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TABLE 5. Characteristics of glucose concentration response after an intravenous 
injection of a propionate bolus in Holstein cows prepartum and through 40 d 
postpartum^. 
Variable^ 
Days Peripartum 
CO
 
-12 12 26 40 CO
 
35.4® 16.6® 21.4^ 28.8®b 4.59 
Peak time, min 58.7 66.5 51.1 59.1 10.6 
GLCgrea, (mg X min)/ml 2326® 955b 696'' 1762®*' 391 
^ Least squares means. 
^Characteristics of glucose response include maximal concentration (GLC^g^), 
time of maximal concentration (Peak Time), and total area (GLCg^gg). 
^Pooled standard error. 
'^^ '^ IVIeans in the same row with different superscripts are different (P < .05). 
condition at calving (TABLE 6). The time of peak glucose concentration was 
delayed (P < .1) in cows that were obese at calving. In addition, both the 
GLCf^ax the GLCg^gg tended (P < .2) to be greater in obese versus cows of 
normal body condition at calving. A decreased capacity for hepatic 
gluconeogenesis would be expected to delay propionate removal and the 
glucose response curve following a propionate bolus infusion. Propionate 
disappearance following a propionate infusion was not affected obesity at calving, 
however, peak glucose response was delayed and the magnitude of the glucose 
response was greater in obese cows than that in cows of normal body condition. 
These data suggest that the level of obesity used in this study was not 
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TABLE 6. Characteristics of glucose concentration response after an 
intravenous injection of a propionate bolus in cows of normal and obese 
body condition at calving . 
Body Condition 
Variable^ Normal Obese SE® 
GLCmax- mg/ml 22.2 28.9 3.3 
Peak time, min 50.2® 67.5b 7.7 
GLCgrga, (mg x min)/ml 1145 1824 284 
^ Least squares means of infusions at 12 d prepartum. 
^Variables were defined in Table 5. 
^Pooled standard error. 
'^^ IVIeans in the same row with different subscripts are different (P 
< .1). 
enough to impair hepatic gluconeogenesis. However, the data also would 
suggest the in vivo kinetics of glucose metabolism were altered by decreasing 
glucose utilization in cows that were obese at calving. Reid et al. (1986) reported 
increased NEFA in blood of cows that were obese at calving. Concentrations of 
NEFA were not affected by body condition at calving in the present study (Paper 
I), however, increased NEFA utilization could be used to explain the decreased 
glucose utilization in obese cows. 
The glucose response also was affected by the FRBD protocol for ketosis 
induction (TABLE 7). The maximal height of the glucose response curve was 
decreased (P < .1) in cows subjected to FRBD diet. The FRBD ketosis induction 
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protocol also tended (P < .2) to decrease GLCgrea but had no effect on the time 
of the peak glucose concentrations. These differences are similar to those 
reported in cows fasted for 6 d (Bruss et al., 1986). 
The effects of both obesity at calving and the ketosis induction protocol 
are shown in Figure 6. There were no significant differences in the glucose 
response to a propionate infusion between cows that became ketotic with the 
FRBD protocol and those that did not become ketotic with the FRBD diet. The 
glucose response in cows that became ketotic with the FRBD protocol, however, 
did differ from non-ketotic control cows (TABLE 8). The GLCg^gg before calving 
(-12 d), was significantly greater (P < .05) in FRBD fed cows that became 
ketotic than in control cows. Even though the also was elevated 
TABLE 7. Characteristics of glucose concentration response after an intravenous 
injection of a propionate bolus in control cows and cows subjected to FRBD^. 
Variable^ Control FRBD SE® 
GLC^ax, mg/ml 29.2® 19.2^ 3.2 
Peak time, min 53.3 54.9 11.6 
Area, (mg x min)/ml 1781 1108 326 
^ Least squares means of infusions at 26 and 40 d postpartum. 
^Variables were defined in Table 5. 
^Pooled standard error. 
®''^ Means in the same row with different subscripts are significantly different 
(P < .1). 
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Figure 6. Effect of body condition at calving and treatment with FRBD on 
change in plasma glucose concentration from baseline (TABLE 2) in response to an 
intravenous propionate bolus in dairy cows. NC = normal controls, OC = obese 
controls, and N-FRBD and 0-FRBD = normal and obese cows, respectively, that 
were subjected to FRBD beginning at 14 d postpartum. 
prepartum in FRBD-ketotic cows, it was not significantly different than in control 
cows. These observations suggest that cows susceptible to ketosis induced by 
FRBD are predisposed to ketosis by an altered peripheral utilization of glucose. 
Further, these data suggest that the predisposition is evident even before 
calving. 
At 12 d postpartum, the GLCg^gg and glucose peak time were diminished 
in both control and FRBD-ketotic cows, however, there were no differences 
109 
TABLE 8. Characteristics of glucose concentration response after an 
intravenous injection of a propionate bolus in control cows and cows 
subjected to FRBD that became ketotic^. 
Sample 
Variable^ Control 
FRBD 
Ketotic SE® 
-12 d 
GLCp^gjj, mg/ml 31.8 39.1 5.6 
Peak time, min 55.4 57.5 12.5 
Area, (mg x min)/ml 1501* 3028^ 460 
12d 
GLC^ax. mg/ml 16.0 12.8 6.3 
Peak time, min 74.1 65.2 13.9 
Area, (mg x min)/ml 746 760 512 
26 d 
GLCmax» mg/ml 30.3® (O 7.6 
Peak time, min 45.6 55.6 16.9 
Area, (mg x min)/ml 1620* -52^ 620 
40 d 
GLCmax. mg/ml 32.9 20.0 5.9 
Peak time, min 64.5 45.8 13.2 
Area, (mg x min)/ml 1769 1201 482 
^ Least squares means. 
^Variables were defined in Table 5. 
^Pooled standard error. 
®''^ Means in the same row with different subscripts are different (P 
< .1). 
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between groups. After 12 d postpartum, glucose response in the control cows 
rebounded and was not different from prepartum at 26 or 40 d. Glucose 
response in the FRBD-ketotic group, however, continued to decrease through d 
26. At 26 d postpartum the GLC^g^ ^nd GLCg^gg of FRBD-ketotic cows was 
significantly below (P < .1) that in control cows. The glucose response in FRBD-
ketotic cows increased after 26 d of lactation, but the GLC^^^ tended to remain 
below that of control cows through 40 d of lactation (P < .13). These data are in 
agreement with other reports of decreased glucose response to a bolus 
propionate injection at the time of ketosis (Corse and Elliot, 1970; Grohn. 1985), 
as well as reports of decreased gluconeogenesis at the time of ketosis (Grohn, 
1985; Mills et al., 1986a; Veenhuizen et al., 1991). 
In Vitro Incubations 
Recovery of the ^H-glucose as internal marker from propionate incubations 
averaged 80 ± .004%. Glucose release from liver slices averaged 8.13 nmol/(g x 
h) and oxidation of propionate averaged .58 pmol/(g x h) on all treatments. 
These rates are similar to published values for lactating dairy cows (Drackley et 
al., 1991b) and for steers (Mills et al., 1984; Lyie et al., 1984) when similar 
techniques were used. 
Glucose release from liver slices of normal control cows increased from 
prepartum, reaching a local peak at 21 days of lactation (Figure 7). After d 21, 
glucose release in normal control cows waned and then continued to rise through 
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d 63. These results do not agree with previous reports of decreased in vitro 
hepatic glucose release after 30 d (Aiello et al., 1984; Drackley et al., 1991b). 
Propionate oxidation increased from prepartum throughout the trial. 
Glucose release and propionate oxidation by liver slices from normal 
control cows showed a positive correlation of .52 (P < .0001 ; Figure 8). The 
positive correlation between glucose release and propionate oxidation may 
indicate that propionate oxidation was used to support increased 
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Figure 7. Glucose release and propionate oxidation from liver slices collected 
from normal control cows from-10 to 63 d peripartum. Dashed vertical lines at d 
0, 15 and 50 indicate parturition, start of FRBD, and termination of FRBD, 
respectively. Pooled standard error for propionate oxidation and glucose release 
averaged .18 and 2.2 fxg/hr x g, respectively. 
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gluconeogenesis. Others have demonstrated that substrate oxidation is 
necessary to promote gluconeogenesis (Chow et al., 1990). However, the 
positive correlation may also indicate that liver slices that are better able to utilize 
propionate for gluconeogenesis are also better able to utilize propionate for other 
oxidative functions. 
There was no significant effect of obesity at calving on glucose release 
prepartal or during the first 14 d of lactation (Figure 9). Glucose release from 
liver slices taken from obese control cows decreased from 7 d to 21 d 
postpartum this decrease, however, was not significant. Furthermore, the 
R=0.52 
P<0.0001 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
Propionate Oxidation (yumol/hxg) 
Figure 8. Correlation between glucose release and propionate oxidation in 
liver slices from normal control cows from -10 to 63 d peripartum. 
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Figure 9. Effect of obesity at calving and treatment with FRBD on glucose 
release from liver slices collected from cows at -10 to 63 d peripartum. Dashed 
vertical lines are as in Figure 7. Experimental groups are as in Figure 6. Vertical 
bar indicates pooled standard error. 
decrease was not evident in the obese-FRBD cows at this time. Thus, the 
decrease in propionate utilization detected at 14 d of lactation by using in vivo 
gluconeogenesis assays was not detected with the in vitro glucose release 
assays. 
Glucose release during the ketosis induction period was decreased (P < 
.01) by the FRBD protocol. Effects of the FRBD protocol were most notable after 
35 d postpartum. These findings are consistent with previous studies with the 
FRBD protocol (Drackley et al., 1991b). However, as with previous studies, not all 
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COWS in tlie FRBD groups responded to the FRBD ketosis induction protocol. 
Glucose release from liver slices prepartum was significantly greater in cows that 
were resistant to the development of ketosis than in cows that later developed 
ketosis under the FRBD protocol (Figure 10). In addition, cows that were 
resistant to ketosis had greater, but nonsignificant (P > .01), glucose release from 
hepatic tissue slices at 25 to 42 d of lactation than did cows that became ketotic. 
The effect of body condition at calving on hepatic glucose release in cows 
that responded to the ketosis induction protocol (responders) is shown in Figure 
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Figure 10. Glucose release from liver slices taken from cows that were 
subjected to FRBD that became ketotic and those that were resistant to the ketosis 
Induction protocol. Dashed vertical lines are as in Figure 7. Vertical bar indicates 
pooled standard error. 
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11. Hepatic glucose release In responders at -10 and 7 d was not affected by 
body condition at calving. Hepatic glucose release by obese ketotic cows was, 
however, numerically greater than that in normal ketotic cows at most samples 
taken after calving. This difference became significant (P < .1) at 42 and 49 d of 
lactation when cows were most susceptible to ketosis. 
There was a negative correlation (P < .01) between glucose release from 
liver slices and hepatic triacylglycerol content (Figure 12). At high concentrations 
of hepatic triacylglycerol, glucose synthesis was decreased. These data are 
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Figure 11. Glucose release from liver slices taken from cows of obese and 
normal body condition that became ketotic when subjected to FRBD. Dashed 
vertical lines are as in Figure 7. Vertical bar indicates pooled standard error. 
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consistent witli fatty liver and a concomitant decrease in gluconeogenic capacity, 
contributing to the onset of ketosis. Further, at low hepatic triacylglycerol 
concentrations, glucose release can vary over a wide range. Thus, at the lower 
concentrations of hepatic triacylglycerol, glucose release was not regulated by the 
hepatic triacylglycerol content. 
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Figure 12. Correlation of glucose release and hepatic triglyceride composition 
in liver biopsies taken from normal control cows from -10 to 63 d peripartum. 
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DISCUSSION 
In vivo propionate disappearance data suggest that liver function was 
decreased in cows at 12 d of lactation. Further, the data suggest that liver 
function was decreased in FRBD cows that became ketotic compared with the 
nonketotic FRBD cows. The development of fatty liver has been associated with 
early lactation and susceptibility to ketosis. Thus, analysis of the propionate 
disappearance data suggests that development of fatty liver is associated with 
decreased liver function, which may be part of the etiology of ketosis. Propionate 
disappearance, however, was not decreased in cows that were obese at calving. 
The extent of obesity may not have been great enough to produce pronounced 
fatty liver in these cows. In addition, development of fatty liver may have other 
contributing factors. 
Propionate disappearance data provided valuable information in the 
analysis of propionate challenges in the present study; however, they have limited 
practical applications. The assay for plasma propionate is difficult and requires 
special equipment. In addition, statistical analysis of propionate disappearance 
from plasma is not a straightfon/vard process. Thus, the propionate data are of 
little direct benefit as a practical application from propionate injections. In 
addition, without use of a tracer, the fate of any gluconeogenic precursor can 
only be inferred. Analysis of plasma glucose is a routine assay; yet, interpretation 
of glucose appearance data after a propionate injection is not without difficulty. 
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The liver and kidneys are the only gluconeogenic organs in ruminants, 
and, on a quantitative basis, the liver accounts for approximately 90% of the 
glucose synthesized under normal circumstances (Bergman, 1975; Bergman et 
al., 1970). Thus, the conversion of propionate to glucose must be viewed 
primarily as a function of the liver. Propionate may not be the only source of 
glucose, however, during a propionate injection. 
Changes in insulin and glucagon associated with propionate injection were 
not measured in the present study, but previous studies have shown that 
concentrations of both insulin and glucagon concentrations are elevated in dairy 
cows Immediately after a bolus injection of propionate (Stumpel and Hartmann, 
1992; Peters and Elliot, 1984). The concentration of insulin decreases rapidly 
after a propionate injection, while glucagon concentration continues to increase 
until approximately 30 min postinjection, resulting in an decreased insulin to 
glucagon ratio. Based on the initial changes in hormone concentrations, Peters 
and Elliot (1984) concluded that secretion of insulin and glucagon secretion was 
altered by the propionate bolus, independently of glucose. Further, they 
concluded that increased concentrations of glucose may not have been a direct 
result of propionate conversion but that propionate might have acted through 
decreasing the ratio insulin to glucagon ratio to trigger events leading to an 
increase in glucose concentration. This latter conclusion is supported by a 
positive correlation between the initial glucose concentration and the response of 
glucose to a propionate injection reported in the present study. As the glucose 
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status of cows is improved, liepatic glycogen stores are increased, thereby 
providing more glycogen as a source for the glucose release stimulated by 
propionate. 
Responses of insulin and glucagon to propionate injections also differ with 
stage of lactation. Both insulin and glucagon are secreted by the pancreas, 
which, like the muscle, liver and other tissues, may be prone to the infiltration of 
triacylglycerols during early lactation (Roberts et al., 1981; Reid and Roberts, 
1982), Pancreatic glucagon secretion may be also be inhibited by elevated blood 
NEFA concentrations (Luyckx and Lefebver, 1970). Thus, hormonal responses to 
propionate injections may be altered during the development of fatty liver and 
ketosis. In the present study, both in vitro and in vivo assays showed decreased 
gluconeogenic activity at 7 d of lactation. Sartin et al. (1985) reported that the 
response of glucose to a bolus propionate injection was less at 5 and 30 d of 
lactation than at 14 d prepartum. They also reported that the response of 
glucagon was diminished at 5 d, whereas the response of insulin was diminished 
at both 5 and 30 d postpartum. Conversely, the response of growth hormone to 
a bolus of propionate averaged 90% greater during lactation than prepartum. 
Finally, intermediates in the pathway from propionate to glucose must pass 
through mitochondrial membranes. There is little information to indicate whether 
changes in permeability or transport mechanisms of organelle membranes within 
the liver of ruminants have a role in decreasing the conversion of propionate to 
glucose. Propionate is a small molecule, and, in its nonionic form, it passes 
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easily through membranes. Increases in mitochondrial volume have, however, 
been noted in fasted cows, that suggest changes in mitochondrial permeability. 
The previous discussion should demonstrate that mechanisms causing any 
change in propionate removal or glucose appearance are equivocal. Propionate 
injections have been used by others to demonstrate changes in gluconeogenic 
activity. The present study confirms the value of bolus injections of propionate 
and demonstrates some agreement between results from in vivo assays and 
more traditional in vitro gluconeogenic assays. However, there was a poor overall 
correlation between these two measures of liver function. 
Cows in the obese group had increased body condition at calving. The 
extent of obesity, however, was not associated with an impairment in hepatic 
gluconeogenesis. Rather, obese cows had a greater appearance of glucose after 
a propionate injections than did cows of normal body condition. In addition, in 
vitro hepatic production of glucose was greater in obese cows that became 
ketotic than in ketotic cows of normal body condition. Thus, obese cows were 
more susceptible to ketosis on the FRBD protocol, becoming ketotic with greater 
hepatic gluconeogenic capacity than in cows of normal body condition. These 
findings are consistent with differences in blood and liver composition between 
obese and normal cows reported in Paper I. 
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GENERAL DISCUSSION 
In their work with the FRBD model for inducing ketosis, Drackley et al. 
(1992) found that cows with a liver TG:GLY above two were at increased risk for 
development of ketosis by the FRBD protocol. In addition, obesity at calving has 
been associated with an increased risk for fatty liver and other postpartal 
diseases. It was therefore our hypothesis that obese cows would be more 
susceptible to development of fatty liver and ketosis by the FRBD protocol. 
Obese cows were significantly heavier and had greater body condition at 
calving than did cows in the normal group. However, the blood and liver 
composition data reported in Paper I suggest that obese cows were better able 
to adapt to lactation than were cows of normal body condition. Obese cows had 
lower hepatic TG:GLY, lower blood ketone concentrations, higher INS:GLN, and 
higher blood glucose and insulin concentrations than cows of normal body 
condition. These results are consistent with increased gluconeogenesis in obese 
animals reported in paper II. After a bolus propionate infusion, the time of the 
maximal glucose response was delayed, and the maximal glucose concentration 
was increased in cows that were obese at calving. Yet, 75% of obese cows and 
60% of normal cows developed some degree of ketosis because of the induction 
protocol. Obese cows were, therefore, more susceptible to ketosis, becoming 
ketotic without dramatic changes in glucose status or liver composition and with 
greater hepatic gluconeogenic capacity than in ketotic cows of normal body 
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condition. 
Propionate infusions have been shown to be sensitive assays of liver 
function in the ruminant; yet, propionate infusions provide benefits beyond their 
ability to detect impairments in hepatic metabolism. Bolus doses of propionate 
have been proposed as a treatment for ketosis because they provide a readily 
available source of gluconeogenic precursors (Schultz, 1958). In supplying 
gluconeogenic precursors, propionate infusions probably delay the development 
of ketosis and, thereby, interfere with the FRBD protocol to induce ketosis. The 
more commonly used bromosulfophenylthelein test of liver function would not 
provide gluconeogenic precursors, and this test may be a better suited for use 
with the FRBD protocol. 
The FRBD protocol represents an exciting technique for use in modeling 
the progression of ketosis. The protocol is being used to answer fundamental 
questions about the nature of ketosis, yet, not all cows are susceptible to ketosis 
when subjected to the FRBD protocol, and many cows avoid the induction of 
ketosis by decreasing milk production. This raises two possibilities for future 
research: 1) Is there a more effective protocol of feed restriction and 1,3-
butanediol to induce ketosis? Identification of a period of increased susceptibility 
or a more effective dosage of 1,3-butanediol could greatly improve usefulness of 
the model. 2) What are the metabolic or hormonal signals for decreases in milk 
production in cows subjected to FRBD? Characterization of these signals may 
point to a period of increased susceptibility to ketosis. 
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In the present study obese animals were susceptible to ketosis without 
many of the metabolic fluctuations experienced by cows of normal body 
condition. Thus, the characteristics of ketosis induction differ between obese and 
normal cows. This suggests that obese cows are susceptible any metabolic 
disturbance including the FRBD protocol for induction of ketosis. Further, it 
raises the following questions: 1) Could the increase in hepatic TG:GLY at 
calving be used to select cows susceptible to ketosis? 2) How is the ability of 
glucagon to stimulate hepatic gluconeogenesis altered by the development of 
fatty liver? 3) How does body condition at calving affect the ability of glucagon to 
stimulate gluconeogenesis? 4) How does obesity at calving affect the kinetics of 
free fatty acid and glucose metabolism? 5) Does low body condition at calving 
decrease susceptibility to ketosis? Low body condition at calving is not beneficial 
for milk production. Characterization of metabolic responses of thin cows 
subjected to the FRBD protocol, however, could supply valuable information on 
the etiology of fatty liver and ketosis. 
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APPENDIX 
Dairy Herd Improvement Association (DHIA) 305 d mature equivalent 
production records from the current lactation of cows on this trial were compared 
with those of previous and subsequent lactations to determine effects of the 
experimental protocol on total milk production (Figure 1). Mature equivalent 305 
d milk production is seen to increase with parity. Yet, this graph is misleading 
because culled cows do not appear in subsequent lactations. In addition, the 
majority of cows were in their second or third lactation (avg. 2.72) while on study 
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Figure 1. Milk production (305 d ME) of cows used in the study in 
lactations relative to the lactation studied. Pooled standard error 
was 802 pounds. 
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and, therefore, did not appear in all three previous lactation records. Thus, the 
only meaningful comparison is between the lactation on study and the preceding 
lactation (TABLE 1). Cows tended to have a longer dry period immediately 
preceding the study than that preceding the previous lactation (P=.10). However, 
overall milk production, milk fat production, and milk fat percentage did not differ 
significantly from the previous lactation. Thus, the protocol used in this study did 
not significantly impair overall production 
TABLE 1. Milk production comparison with preceding lactation®. 
Lactation 
Variable Preceding On study SE 
Dry Period (d) 61 69 3.1 
Milk (kg) 10,489 9,935 364 
Fat (kg) 372 359 9.3 
Fat (%) 3.58 3.67 .10 
®DHIA 305 d ME production records. 
